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NOMENCLATURE
A = percentage o f  change in stress at a given point, due to  a fixed reduction in
stiffness 
= constant
B = percentage o f  change in strain at a given point, due to a fixed reduction in
stiffness
a. h -  experimentally determined constants
B = specimen with thickness
C = material parameter for Paris’s law
c = crack depth
c„ -  initial crack depth
c, = ultimate crack depth
Dj = the compliance o f  the material considered at t= 1 second
E = asphalt modulus
/J, = stress function
fj = phase angle between force and displacement at load cycle i
fj) ^  initial phase angle (degree)
-  stress function
I, = a factor depending on the stress conditions at the crack tip, the failure stress o f
the material and the length of the failure zone 
J = energy release integral
K  = experimentally determined constants
K = stress intensity factor
K, = 1-type stress intensity factor
K„ = 11-type stress intensity factor
k = Boltzmann’s constant
MF ^  mode factor
m  = the slope o f the compliance curve
m = micro-crack density
N, = the number o f  allowable traffic load applications to failure at strain level / .
N, = number o f  load applications to  fatigue failure
N = number o f  repetition to failure
/I, = the number o f  actual traffic load applications at strain level /
n = material parameter for Paris’s law
pen = Penetration o f  the bitumen (in 1/10 mm)
PI = Penetration index
Qn, = vibrational energy o f  a bond associated with temperature bond energy
associated with temperature 
~ asphalt concrete stiffness 
Sh = stiffness o f  bitumen
softening point o f  the binder, temperature Ring and Ball (”C)
T  = absolute temperature
Xll l
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Ucqv “  Strain energy o f an uncracked element o f  reduced stiffness 
-  strain energy o f the cracked element 
= asphalt content and 
= air void 
Vg = %  o f  aggregate
VFB = voids filled with bitumen (% )
= total amount o f  dissipated energy per volume (J/m^)
W' = dissipated energy per volume in load cycle i
H' = mechanical energy per bond
w(t) = the pulse shape o f the stress intensity factor
= normal stress in x direction
= normal stress in y direction
= normal stress in z direction
a  ^  stress tensor
tensile strength o f the material 
a, = amplitude o f the sinusoidal stress load cycle i
e, =" strain
amplitude o f strain at load cycle i 
v,T| = Poisson’s ratio
1 = energ>' needed to produce a unit surface o f fracture
y, X = scale parameter and shape parameters o f  Weibull distribution
X I V
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ABBREVIATIONS
AASHTO; American Association o f  State Highway and Transportation Officials
ASTM: American Society for Testing and Materials
FEM : Finite Element Method
LEFM: Linear-Elastic Fracture Mechanics
LTRC: Louisiana Transportation Research Center
PSI: Pavement Serviceability Index
SHRP: Strategy Highway Research Program
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ABSTRACT
Fatigue is a major structural distress that leads to a reduction in the serviceability o f 
asphalt pavements. In a mechanistic pavement design, asphalt fatigue cracking is 
considered as one o f  the three design criteria along with rutting and low-temperature 
associated cracks. The successful application o f  this design method to practice thus 
relies on a reliable crack prediction model. M ost existing crack prediction models are 
based on the results o f laboratory beam fatigue tests. Beam tests are not adequate 
because they can’t realistically simulate the propagation o f  a crack in an asphalt 
pavement layer This research studied the asphalt cracking through fatigue tests 
conducted on asphalt slabs taken from experiment pavements, which can more closely 
reflect the three dimensional characteristic o f  a pavement crack than beam fatigue tests 
To model the cracking process in asphalt slabs, the stress intensity factor was 
evaluated for cracked slabs based on three-dimensional FEM models. The fatigue crack, 
at the underside o f a slab, was simulated as a semi-elliptical surface crack The J-integral 
approach was used from which the stress intensity factor was calculated. In asphalt slab 
fatigue tests, the loading cycles for defined crack initiation and propagation stages were 
recorded for developing crack prediction models. Based on the results o f  stress and 
stress intensity factor analyses and asphalt slab fatigue tests, two crack initiation and 
propagation relationships were developed for predicting asphalt fatigue life. The crack 
initiation relationship was based on the critical stress and strain and the crack 
propagation relationship used the stress intensity factor as an estimator. The fracture 
parameters, C  and /i, were also determined based on asphalt slab fatigue tests.
xvi
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The proposed fatigue life prediction relationships were used to estimate the 
fatigue lives o f  the pavements at LTRC-ALF experiment site. The existing equations 
were used to evaluate the stress intensity factor for a fatigue crack in asphalt pavement 
layer. The predicted results were compared with the observed pavement life. It was 
found that the predicted pavement life based on the proposed relationship was very close 
to the observed pavement life
xvn




Fatigue cracking is a major structural distress that leads to a reduction in the 
serviceability o f  asphalt concrete pavements. Hveem (1955) first identified asphalt 
pavement fatigue failure and began research on the relationship between pavement 
deflection and fatigue cracking. Since then, asphalt pavement failure due to fatigue 
cracking has been a major consideration o f  pavement researchers and designers. 
Considerable research has been directed to developing asphalt pavement design methods 
to avoid or minimize fatigue cracking
In the AASHTO empirical pavement design procedure (1986), the pavement 
serviceability index (PSI) is used as the design criterion. Fatigue cracking, as a 
structural condition indicator, is combined with other functional indicators, such as Slope 
Variance and Rut Depth, into PSI. The advantage o f this design approach is that it is 
based on comprehensive and well-documented performance data from full-scale test 
roads. As a statistically based method, the AASHTO procedure works well when 
applied to  the pavements/materials similar to those used to  develop the procedure. 
However, there is no mechanistic framework underlying this approach to enable 
pavement performance to be accurately predicted over a wide range o f  novel materials, 
pavement structures, loading and environments. Functional conditions, such as Slope 
Variance and Rut Depth, describe how “good” the road is in terms o f comfort and 
safety. While structural condition parameters, fatigue cracking and rutting, represent
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
how “strong” the pavement is and quantifies changes over time, both structurally and 
functionally (Ullidtz 1987). The pavement serviceability index, which combines these 
two distinct conditions, is inadequate to  represent pavement performance in some cases.
In the last two decades, a number o f  mechanistic pavement design procedures 
have been developed. In these approaches, asphalt fatigue cracking has been considered 
as one o f  the three dominant structural distresses along with rutting and low-temperature 
associated cracking, all o f which are used explicitly as design criteria. The pavement 
performance and life can be predicted for a candidate pavement structure and material 
configuration from performance models which are incorporated into pavement design 
procedures. Compared with empirical pavement design methods, mechanistic pavement 
design procedures greatly improve our ability to design the pavements over a wide range 
o f  new materials, loading and environments in a rational way.
Most existing mechanistic pavement design procedures (Shell 1978, the Asphalt 
Institute 1982, AUSTROADS 1992), include three major components: a pavement 
response model, a performance prediction model and distress criteria. Pavement 
response models, which simulate the pavement structure as a multilayer elastic or 
viscoelastic solid, have analytical closed form solutions. These solutions have been 
coded in various computer programs such as VESYS (Aston 1967, M oavenzadeh 1972), 
BISAR (Jong et al 1973), and CIRCLY (Wardle 1977) ILLl-PAVE (Elliott and 
Thompson 1985) is a FEM program which considers the non-linear, stress-dependent 
resilient modulus o f  pavement layer materials. These programs have made pavement 
stress analysis a routine task for design purposes. When the critical stress and strain are
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determined, they are then compared with the values predicted to cause fatigue failure 
under traffic to check if the design is adequate or not. Thus, it is possible for a designer 
to use information on materials and environments, in a conveniently executable program, 
to carry out pavement designs that range from relatively simple to  complex.
Furthermore, through this design procedure, general guidelines and catalogues o f 
information can be developed for future reference. Updating and modification o f the 
procedures are feasible as further research results become available (Monismith 1992) 
Although the framework o f  mechanistic pavement design procedures is well 
developed, there are still many aspects o f  these design procedures that need to be 
improved, especially the fatigue performance prediction model. In the existing 
mechanistic pavement design procedures, fatigue cracking o f asphalt has been 
conventionally considered to initiate at the bottom o f  the layers. The tensile strains, at 
the base o f such asphalt layers, have been used as design parameters to estimate 
pavement fatigue life. The fatigue life prediction equation normally is developed from 
laboratory asphalt beam fatigue test results. This methodology is based on the 
assumption that the crack propagation process and rate in bending beam tests and in an 
asphalt pavement layer are the same, as long as the critical tensile stresses/strains in the 
two cases are the same Unfortunately, this assumption has not been strongly supported 
by field evidence (Rauhut 1975). The predicted pavement life from prediction models 
can be as great as 20-100 times different from the observed pavement fatigue life (Brown 
1987). Therefore, a fatigue life prediction model based on laboratory data is always 
correlated or calibrated in some way with field fatigue crack data.
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A fatigue prediction model based on tensile strain/stress is traditionally called the 
phenomenological approach, since it does not quantitatively describe the crack 
propagation process. The parameters to characterize the material fatigue property in the 
phenomenological approach are normally stiffness and the initial tensile stress/strain at 
the critical position. However, the material at the critical position cannot withstand 
tensile stresses when it cracks Because o f the empirical nature o f the phenomenological 
approach, it is usually necessary to  establish a new fatigue relationship for each design 
situation. Since the fatigue test is very expensive and time consuming, this is not 
practical for routine pavement design.
Considering this shortcoming o f the phenomenological approach, since 1968 
many researchers have used the fracture mechanics approach to asphalt fatigue models 
(Majidzadeh 1968). In this approach, the stress intensity factor, which is a parameter to 
uniquely represent the stress condition around the crack front, is used to characterize 
fatigue crack growth in asphalt. The primary advantage o f the fracture mechanics 
approach over the phenomenological approach is that it is fundamentally more sound and 
applicable to different types o f  cracks. M ore and more recent research results show that 
some pavement cracks may initiate at the top o f the asphalt surface due to  the non- 
uniform stress distribution in the contact area between tire and pavement (Wardle and 
Gerrard 1980, Molenaar 1984, Gerritsen et al 1987). Obviously, the phenomenological 
fatigue prediction model does not apply to this specific case. However, the fracture 
mechanics model applies well to  surface cracks, as long as the stress intensity factor is 
evaluated for this type o f  crack.
4
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The early work on this aspect was based on the premise that an asphalt mixture is 
inherently flawed The critical problem associated with this approach at that time was 
that the determination o f  the initial crack size, which is critical for crack propagation, 
was somehow arbitrary. Since it was impractical to physically measure the shape and 
length o f  the initial crack, which was defined as a micro-crack, it was always assumed to 
be present without much evidence (Majidzadeh 1971, Molenaar 1984) Until the 
Strategic Highway Research Program (SHRP) started, this approach had not been used 
to develop a practical pavement crack prediction model.
Within the SHRP, the development o f cracks in an asphalt pavement layer is, for 
first time, considered as a tw o-step phenomenon in crack modeling, crack initiation and 
crack propagation. First, the asphalt material undergoes a micro-fracture damage 
process in the critical tensile stress zone. When the micro-cracks have resulted in macro­
cracks, the crack propagation process starts. Tliis two-step approach o f  predicting 
fatigue cracks is ground breaking because it makes it possible to  differentiate between 
the micro-crack and macro-crack, and to  model the crack development process in 
different ways.
The SHRP program has made a great progress on the fatigue cracking prediction 
model (Lytton et al 1993). However, it still has critical shortcomings. First, although 
two separate models are adopted to describe the developments o f  micro-cracks and 
macro-cracks, respectively, the models are essentially the same in concept. In both 
models, the asphalt material is assumed to  be homogeneous, and the fracture mechanics 
approach and Paris’ law are used. Therefore, the so called ‘micro-ffacture model’ has
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nothing to do with the micro-structure o f  the asphalt material, where cracks are a 
component in the multi-phases medium. In addition, laboratory results o f bending beam 
tests, both stress and strain controlled, were analyzed to  establish the crack initiation and 
propagation models. However, it has been shown that stress and strain controlled 
fatigue test results are distinctly different in terms o f  damage mechanism and failure 
criteria. Due to these problems, the SHRP micro-fracture model needs to be further 
verified.
An old problem associated with asphalt fatigue tests, which is still unsolved (not 
even tried) in the SHRP program, is the effect o f specimen size. A widely accepted 
concept in the fracture mechanics approach is that values o f  fracture properties 
determined from a test are independent o f  the testing configuration, specimen size and 
crack shape (Hoyt 1987). This has became the theoretical base’ for most researchers 
(including SHRP investigators) conducting small bending beam fatigue tests to  determine 
the fracture properties o f  asphalt concrete However, it is hard to  imagine that multi­
phase composite materials, such as asphalt concrete, show no effect o f specimen size, 
aggregate size and crack configuration on crack development.
Consequently, the existing pavement fatigue cracking prediction models, 
including the recently developed SHRP fatigue model, need to  be improved in several 
aspects. The conventional laboratory bending beam fatigue tests cannot simulate crack 
development in real pavements due to the distinctly different stress conditions and crack 
configurations between the tw o cases. The fatigue crack in an asphalt pavement is three 
dimensional rather than in plane stress o r plane strain conditions. Therefore, a more
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realistic laboratory test, which is able to simulate the three dimensional characteristic o f 
pavement cracks, should be conducted to  estimate material parameters and establish 
crack prediction models Also, the stress intensity factor, associated with the pavement 
cracks, should be accurately determined with a realistic assumption on the configurations 
o f  crack, load, and other factors, when prediction models are used for a specific 
pavement
Although more complex laboratory tests and cracked pavement analyses require 
much more eflbrt and sacrifice expediency, which has been often claimed as the 
advantages o f some experimental methods, we should not be satisfied with the existing 
tests or models just for something simplistic As Monismith (1992) stated,
“It is import.'inl that technical merit rather than simplicity and ease o f implementation 
drive the selection of test methods and analysis techniques. In the past 20 years we 
Iiave all to often chosen the latter course and, in effect. liavc let implementation 
considerations drive the selection process. Moreover, at times it lias driven the 
research as well Although it appears tliat we may be taking a chance, it really is not 
that much of a gamble and the results to be gained certainly appear worthwhile (e g . 
improved pcrfonnance and reliability)
Advances in computing technology have revolutionized modem society, 
including engineering. The finite element modeling FEM technique has matured into a 
powerftil and efficient analysis tool, which makes it possible to  simulate complicated 
engineering problems in a more realistic way For over twenty years, pavement 
engineers have realized that a pavement, especially a cracked pavement, is a three 
dimensional (3D) problem. But only in recently years has, a three dimensional analysis 
o f such a problem become practical, with the development o f  advanced computational 
techniques and the consequent software. In fact, a characteristic o f  the pavement crack
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problem is that the dimension o f  cracks is much smaller than the pavement structure, so 
it is impossible to  analyze the problem without a proper FEM software. With the current 
development o f  analytical software such as ABAQUS (HKS Inc. 1993), it is possible to  
analyze a more complicated and realistic laboratory model test, such as the lull depth 
asphalt slab test, which can simulate the real pavement in such aspects as geometry and 
stress condition, better than the simple beam bending test.
This research addresses this problem.
1.2 OBJECTIVES
The primary objectives o f  this study are as to:
•  Describe fully the asphalt pavement fatigue problem and identify the part to be 
solved in this research.
•  Review currently-available fatigue cracking prediction models, which are based 
on different approaches, with particular emphasis on their differences, scope and 
limitations. This will establish a base point for this research.
•  Review the currently-available finite element programs which have the potential 
to analyze the stress intensity factor associated with a surface crack in a slab 
model Conduct a comprehensive 3D finite element analysis o f  an asphalt slab, 
on which a fatigue test will be performed in the laboratory, to evaluate critical 
stress/strain parameters associated with the uncracked slab and the stress 
intensity factor associated with a crack in the slab
•  Conduct small scale asphalt slab fatigue tests under stress-controlled loading in 
the laboratory
8
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•  Develop fatigue crack initiation and crack propagation models using the 
phenomenological (stress controlled) approach and the fracture mechanics 
approach, respectively calibrated using the slab fatigue results
•  Obtain fatigue cracking data from the LTRC-APT site and evaluate the 
developed models using these data,
1.3 SCOPE
This study offers a significant advance in modeling fatigue cracking in asphalt pavement 
through an asphalt slab fatigue test and, a three-dimensional model o f  the cracked slab, 
to accurately determine the asphalt concrete fracture properties A brief description o f 
the asphalt pavement fatigue problem and the research topic addressed by this research is 
presented in Chapter 2 immediately following the introductory chapter A full 
understanding and definition o f  the problem itself is critical to  the solution The 
alternative approaches to fatigue modeling and their application to  asphalt material and 
pavement structures, along with previous research work, are discussed in Chapter 3. In 
Chapter 4, two 3-D finite element models, established using ABAQUS software, for the 
uncracked and cracked asphalt slabs are described. Stress and strain in the uncracked 
slab, and the stress intensity factor for the cracked slab, are evaluated for the purposes o f  
selecting stress levels for the slab fatigue tests described in Chapter 5 The analysis o f 
the stress and stress intensity factor also serves for developing crack initiation and 
propagation models in later Chapter 6, Chapter 5 describes the test results o f the fatigue 
tests on asphalt slabs taken from the LTRC-PRJF test pavements. Chapter 6 includes an 
analysis o f  the test results and the development o f  the crack initiation model and crack
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propagation models. The application o f the crack initiation and propagation models to 
pavement structures is presented in Chapter 7, which also includes the determination o f 
stress intensity factors for the test lanes using the SHRP equation. Finally, the 
conclusions and recommendations from this research are found in Chapter 8.
10
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CHAPTER 2.
PROBLEM STATEM ENT
2.1 PAVEM ENT LOAD-RELATED FATIGUE CRACKING
Fatigue has been defined (Hveem 1955) as “the phenomenon o f fracture under repeated 
or fluctuating stress having a maximum value generally less than the tensile strength o f  
the materials.” Normally, the term “fatigue” implies a mode o f  distress in an asphalt 
concrete pavement resulting from the repeated application o f traffic-induced stresses. 
Research indicates that fatigue cracking is the primary cause o f  alligator cracking, after 
repeated traffic loading, the cracks connect forming many-sided, sharp-angled, pieces 
that develop a pattern resembling chicken wire or the skin o f  an alligator (AASHTO Test 
Road Report 1964). Incidences o f cracks propagating from the surface downwards have 
been reported (Gemitsen 1987, Himeno 1987, Hugo 1987), but it is usually assumed that 
cracks initiate at the bottom o f  asphalt layer and propagate upward to the surface 
(M etcalf and Dorman 1962). Fatigue cracking occurs only in areas that are subjected to 
repeated traffic loadings, such as wheel paths. Fatigue cracking, when developing into 
alligator cracking, is considered a major structural distress and is usually accompanied by 
rutting.
A comprehensive investigation relating between fatigue cracking and pavement 
performance was conducted by Pell (1973). His conclusion may be summarized as:
1 Fatigue cracking in asphalt pavements causes damage to the continuation o f  the 
pavement structural performance
2. The initial occurrence o f  cracking may not be so crucial to the overall performance.
11
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The Rirther development o f the cracking is generally indicative o f  a pending period o f 
accelerated deterioration; and
3. The acceptable level o f  fatigue cracking area could be between 10 and 30 percent o f 
the whole trafficked strip depending on the amount o f  other types o f  structural distress 
and the riding quality.
Since fatigue cracking is a primary factor affecting pavement structural condition 
and ultimately functional performance, many pavement design systems use cracking as a 
design criterion, especially in mechanistic pavement design procedures. One o f the 
objectives o f these procedures is to guarantee that the designed pavements remain in 
service without serious fatigue cracking.
2.2 M ECHANISTIC PAVEMENT DESIGN M ETHODS  
The framework o f mechanistic pavement design methods was well established in the 
early 1960's (M etcalf and Dorman 1962). The First International Conference on the 
Structural Design o f  Asphalt Pavements, held at the University o f  Michigan in 1962, was 
considered the starting point for the application o f  this method to  practice During the 
period from 1962 to  date, many mechanistic pavement design methods. Table 2 .1, have 
been developed, and some o f them implemented, such as the Shell procedure in Europe, 
and AUSTROADS flexible pavement design in Australia.
A simplified framework for a mechanistic pavement design is shown in Fig. 2 .1.
In this method, two load-related distress modes; asphalt fatigue and permanent 
deformation or rutting are recognized. The method uses a linear elastic model to 
calculate the following critical strains in the pavement (Fig. 2.2).
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1. tensile strain at the bottom o f  the asphalt, which is used to estimate fatigue life,
2. tensile strain at the base o f  cemented treated layer, which is used to  estimate 
cemented layer fatigue life, and
3. compressive strain on the top o f  subgrade which is used to estimate the number 
o f  load repetitions to an unacceptable level o f  rutting.
Table 2.1 Examples o f  Mechanistic Pavement Design Procedures
Organization Pavement Distress modes Environmental Pavement materials Design
model effects fonnat
Shell Multilayer Fatigue in treated Temperature Asphalt concrete. Design
International elastic layers untreated aggregate, charts;
Petroleum Co.. system Rutting: cement-stabilized computer
Ltd.. London • subgrade strain aggregate program:
England • estimate in BISAR
asphalt layer
Tlie Asphalt Multilayer Fatigue in asphalt Temperature. Asphalt concrete. Design
Institute. elastic treated layers freezing and asphalt emulsion charts;
Lexington. KY system Rutting: thawing treated bases. computer
(MS-1) • subgrade strain untreated program:
aggregates DAMA
Federal Multilayer Fatigue in treated Temperature Asphalt concrete. Computer
Highway elastic or layers cement-treated program:
Administration viscoelastic Rutting: aggregate. VESYS
U S DOT, system • estimate at untreated aggregate.
Washington. surfaces sulphur-treated
DC Serviceability (PSI) materials
AUSTROADS. Multilayer Fatigue in treated Temperature Asphalt concrete. Computer
Sydney. elastic layers cement-treated program:
Australia system Rutting: aggregate. CIRCLY
• subgrade strain untreated
aggregate
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Fig 2.1 Simplified framework for pavement analysis and design (Monismith 1992)
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Fig. 2 2 Pavement model for mechanistic design procedure (Shell 1978)
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A design relationship for pavement fatigue life prediction used by a number o f  
organizations is based on the critical strain in the form;
N = A : ( - r  (2 . 1)
m ix
where
N = number o f  repetition to failure,
r., = critical strain at the base o f  asphalt layer,
S„(, = asphalt stiffness,
K, a, b = experimentally determined constants.
In some design procedures, the coefficients A, a, b  are related to a factor considering the 
influence o f asphalt content and the degree o f  asphalt mix compaction in the form
8!tp âir
where V,,p is the asphalt content and is the air void. These relationships are 
normally determined by the laboratory beam fatigue tests, and a correcting coefficient 
applied to  reconcile the difference o f field and laboratory conditions
Under real traffic, a pavement structure is subjected to a range o f strains cause by 
various wheel loads. To determine the cumulative pavement damage from traffic with 
different loads. Miner’s hypothesis is adopted in the form;
where n, is the number o f actual traffic load applications at strain level i and N, is the
16
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number o f  allowable traffic load applications to failure at strain level i. It indicates that 
the pavement fatigue life prediction for a range o f  traffic loads is determined by the 
number o f  applications at which the sum reaches unity.
In a mechanistic pavement design, the whole design philosophy is based on two 
basic assumptions on the fatigue distress mode. First, the fatigue crack initiates at the 
bottom o f  asphalt layer and propagates upward to the surface. Second, the laboratory 
beam fatigue test can simulate this crack initiation and propagation process Neither o f  
these two assumptions has been totally supported by the field results These issues are 
discussed in detail in the following sections
2.3 LOCATION AND DIMENSION OF FATIGUE CRACK INITIATION
The fatigue cracking conventionally is considered to  initiate as a series o f parallel cracks 
at the bottom  o f  the asphalt layer and propagate to the surface But, many full-scale 
pavement accelerated test results show that fatigue cracks do not always start from the 
bottom o f the asphalt layer and can initiate from the asphalt layer surface (M etcalf et al 
1997, Groendijk et al 1997)
In reality, both cases may exist. Surface-initiated longitudinal wheel path cracks 
are considered to be mostly caused by the transverse tension, which is induced by 
nonuniform surface loading or tire rigidity effects. To investigate the distinct attributions 
o f  these two types o f cracks to pavement structure fatigue failure, both cases have been 
studied recently (Jacob 1995),
The pavement crack behavior was investigated on two types o f pavements, 
aggregate base and cement-stabilized soil base, respectively, in the first experiment at the
17
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Louisiana Pavement Research Facility (FRF) (M etcalf et al 1997). Coring and post 
mortem trench excavation often showed that cracks developed initially at the base o f  the 
asphalt, in cement stabilized base pavements, and there was a relation between cracking 
in the asphalt and base (shrinkage) cracking, as shown in Fig 2.3. However, the 
behavior o f  aggregate base pavements was different; all cores taken at the surface crack 
locations showed that the cracks initiated at the surface and were less than 25mm deep, 
when cracking reaching the failure criteria 5 m/m^ (Fig 2 4). On these cores there were 
no cracks observed at the bottom. Furthermore, postmortem examination o f the test 
lanes did not show any cracks at the bottom o f the asphalt layer. The similar 
observations are reported by other researchers (Groendijk et al 1997). It then can be 
concluded that the cracks initiating from the pavement surface may occur earlier that the 
cracks propagating from the underside o f  an asphalt layer to the surface. These surface 
cracks do not significantly reduce the structural integrity o f the asphalt layer, since water 
cannot go through the cracks into the pavement base course However, fatigue cracks 
initiating from the underside o f  asphalt layer are mainly considered in pavement design 
When a fatigue life prediction model is validated with field crack data, the cracks 
identified at the pavement surface are all assumed to  initiate at underside.
Field and experimental test observation show that pavement cracks cannot 
always be considered as a plane problem (Ramsamooj 1993). In fact, the cracks in 
asphalt pavements can be classified as surface cracks at the underside o f  the asphalt 
layer, with limited dimensions, as shown in Fig. 2.5. In this case, the stress condition 
around the crack front is generally three-dimensional in character in general, for this
18
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Fig, 2.3 Photo showing the reflective crack in asphalt layer 
from cement-stabilized soil base
. V * : .  ♦
Fig. 2.4 Fatigue crack initiating at asphalt surface in aggregate base pavement
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
three-dimensional crack problem, the stress intensity factor is a function o f  the position 
o f the crack front and not a single constant as in the case o f  two dimensional problem. It 
is extremely difficult to  determine it for the general geometry and loading conditions 
encountered in reality, even by the FEM method. Therefore, simplifications and 
assumptions have to be made when the crack is characterized in a laboratory model test. 
However, the three-dimensional characteristics o f  the crack should be represented in the 
model test.
2.4 EFFECT O F W ATER AND TEM PERATURE ON THE CRACK  
PROPAGATION
In a mechanistic pavement design procedure, the pavement fatigue failure is considered 
to be caused by the traffic load Load-related fatigue cracks have been traditionally 
analyzed independently from other environmental factors such as water and temperature. 
ALP tests have shown that fatigue cracks frequently come before and after pumping.
This clearly implies that crack development is effected by water pressure under tire load. 
The mechanism o f  the effect o f  w ater pressure is shown in Fig 2 .6 When vehicle traffic 
moves over the pavement having a crack at the asphalt base, the existing w ater in 
between the interfaces will be pushed into the crack, producing a water pressure on the 
two crack surfaces When cracks go through the asphalt thickness, the fine material is 
pushed out from the top o f base layer (Fig. 2.7). When pavement structures experience 
temperature gradients, temperature stress is induced inside, which tends to open the 
crack. Both stresses, from temperature and w ater pressure, can accelerate the crack 
development. Unfortunately, this combination effect o f  different factors on fatigue crack
20
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Asphalt surface
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Fig 2.6 Water pressure and thermal stress acting on the crack surface
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Fig. 2.7 Fine material loss o f cement-stabilized soil base 
from pumping under accelerated loading
propagation has hardly been investigated. Although it may not be practical to  include 
these effects in a proposed fatigue prediction model, they should be taken into account 
to  explain the discrepancy between predicted and observed life.
2.5 LA BO RATO RY  SIM U LA TIO N  O F  FA TIG U E C RA C K IN G  
The fatigue distress criteria and prediction methodologies used in current mechanistic 
pavement design procedures are all established based on laboratory beam fatigue tests 
When fracture or material mechanics are applied to asphalt pavements, it is assumed that 
the same amount o f crack growth or initiation life will occur when the pavement is 
subjected to the same values o f  stress and strain as a beam.
However, this similitude concept has been proved questionable by experimental 
observations on asphalt concrete. Jacobs (1995) conducted fatigue tests on specimens o f
22
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different configurations to  investigate the effect o f  width o f specimens on the fatigue life. 
Fig 2.8. His results show that at a chosen strain amplitude o f  4 x 10"*, the fatigue life 
ratio between a 50 mm and 20 mm wide specimens is about 3.3, while that between a 
250 mm and 20 mm wide specimens is about 19. In order to  more closely simulate the 
real pavement, Ramsamooj and Majidzadeh ( 1972) conducted experimentation on slabs 
supported by an elastic foundation to investigate the effect o f  specimen configuration on 
asphalt mix fatigue life. The results show that the fatigue lives as a function o f  bending 
stress obtained for beams and slabs are quite different. The discrepancies are o f  more 
than one order o f  magnitude (over 20 times ) as shown in Fig 2.9.
In the beam test, the problem is usually reduced to  two dimensions. That is, at 
least one o f the principal stresses or strains is assumed to equal zero (plane stress or 
plane strain, respectively). In general, the conditions ahead o f  a crack are neither plane 
stress nor plane strain, but are three-dimensional. Thus, a two-dimensional assumption is 
not valid, and cannot provide a good approximation for asphalt cracks.
Narasimhan and Rosakis (1988) conducted a three-dimensional finite element 
analysis on a three point beam bending specimen to investigate the stress and strain 
condition at the crack tip region Consider a cracked specimen with thickness B 
subjected to in-plane loading, as illustrated in Fig 2 10 If there was no crack, the 
specimen would be in a state o f  plane stress Thus, regions o f  the specimen that are 
sufficiently far from the crack tip must also be loaded in plane stress. Material near the 
crack tip is loaded to  higher stresses than the surrounding material. Because o f the large 
stress normal to  the crack plane, the crack tip material tries to contract in the x and z
23
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Fig 2.9 Comparison o f the fatigue life for beams and slabs as a function o f  the 
tensile stress (Ramsamooj and Majidzadeh 1972)
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directions, but is prevented from doing so by the surrounding material. This constraint 
causes a triaxial state o f  stress near the crack tip. For r «  B, plane strain conditions 
exist in the interior o f  the plate. Material on the plate surface is in a state o f plane stress, 
however, because there are no stress normal to  the free surface.
Narasimhan and Rosakis (1988) show the through-thickness variation o f stress 
and strain in the z direction for r « B ,  Fig 2 11, where K, is the stress intensity factor, <r„ 
is yield stress and 0  and r  are polar coordinates. At the specimen surface, and r... is 
at its maximum value. At the midplane (z=0), plane strain conditions exits and 
• <Tyy) (assuming r »  r,.). There is region near the plate surface where the stress state is 
neither plane stress nor plane strain.
For asphalt, the stress conditions at the crack tip are more complicated, since the 
material has such a distinct micro-structural nature; the two component materials, binder 
and aggregate, have significant differences in mechanical properties Therefore, when 
the crack characteristics o f asphalt, which is largely determined by the material micro- 
structure, are studied, the effect o f specimen size must be emphasized
The asphalt fatigue life, therefore, is greatly dependent on the geometrical 
configuration and stress conditions. For asphalt with a maximum aggregate size which 
may be as big as 25mm, using a beam with a 64 mm x 64 mm cross section, which has at 
least 3 free potential cracking faces, to simulate the crack embedded in and confined by 
the surrounding asphalt concrete medium has conceptual meaning only, without enough 
quantitative credibility. Thus, the experimental simulation test should be compatible with 
the pavement as closely as possible in crack geometry and stress conditions
25
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Fig. 2.10 Three-dimensional deformation at the tip o f a crack The high normal stress at 
the crack tip causes material near the surface to  contract, but material in the interior in 




0 .96  B
0.6 9 = 0







O O.l 0.2 0.3
z / B
0.4 0.5
Fig. 2 11 Transverse stress through the specimen thickness as a function 
o f  distance from the crack tip (Narasimhan and Rosakis 1988)
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2.6 STAGES O F ASPHALT FATIGUE CRACKING
The fatigue damage in asphalt concrete is divided into three different stages, Fig.2.12, 
where the energy ratio is defined as the ratio o f  the energy dissipated in the N-th cycle 
and the total dissipated energy over N loading cycles (Hopman et al 1989). Specifically, 
these stages are associated with:
1 O N ,  — the creation and development o f  microscopic (hairline) cracks. At the end o f 
this stage, the growth and coalescence o f microscopic hairline cracks forms ‘dom inant’ 
cracks, which may eventually lead to catastrophic failure. From a practical point o f  
view, this stage o f  fatigue generally constitutes the demarkation between crack initiation 
and propagation.
2 Nj-Nj — stable propagation o f the dominant macro-crack.
3 N j-Nj — structural fracture, wfiich is defined as either the crack propagating through 
from the base o f asphalt sample (layer) upward to the surface, in a stress controlled test, 
or, the disintegration o f the material in displacement controlled fatigue tests
The types o f  fatigue models such as displacement controlled, force controlled, 
energy and fracture mechanics, which are suitable for specific stages, are shown in Fig 
2.12. These tests are discussed in detail in chapter 3. Fracture mechanics is 
conventionally used for the full range o f  asphaJt fatigue damage processes (Ramsamooj 
and Majidzadeh 1972, f^ytton 1992) Namely, the asphalt mix is considered to be flawed 
initially, and the fatigue damage is the process o f  crack propagation. In fact, although 
there exist initial micro cracks in asphalt, the fracture mechanics approach is not valid for 
the characterization o f these microstructural cracks A asphalt mix is actually a
27
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composite material including three phases: asphalt, aggregates, and air voids. In the 
microscopic stage, the crack is smaller or o f  the same scale as the aggregates (Fig. 2.13) 
Therefore, the medium in which the crack travels can not be treated as homogeneous. 
The existing approach to characterize the formation and development o f  micro-crack in 
homogeneous media can not apply to asphalt in this crack stage.
One alternative to using fracture mechanics, for the full range o f  the fatigue 
failure process, is to apply the displacement or force controlled fatigue model to crack 
initiation stage (O -N ,) and, use the fracture mechanics approach for the macro-crack 
propagation stages (N,-Nj). The criterion o f  the starting point for crack propagation can 
be determined by visual observation and measurement.
2.7 M ETHODOLOGY OF THIS RESEARCH
In this research, fatigue tests were conducted on 195 x 195 x 90 mm (approximate 
dimensions) full-depth asphalt slabs, instead o f  small beams. The slab is supported along 
the four-edge with a frame and repetitively loaded by a computer controlled hydraulic 
loading system. The advantages o f  this laboratory model fatigue test over the small 
bending beam test are:
1 It can eliminate the size effect o f  specimen on the determination o f fatigue properties;
2 The three dimensional characteristic o f  cracks in pavement layer can be realistically 
simulated in the slab test Thus, the effect o f  crack configuration on the determination o f 
fatigue properties is minimized.
3 The stress condition o f  an asphalt pavement layer can be more realistically represented 
in the slab test than in the small beam test.
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Fig. 2.12 Typical result indicating three fatigue stages and application ranges 
o f  different fatigue models (Hopman et al., 1989)
I Adhesive crack 
growth





Fig 2 13 Micro crack growth process in asphalt concrete mixes (Jacobs 1995)
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The slab test also has some advantages over a full-scale pavement test. The later 
is costly and time consuming M ost importantly, the process o f  crack development in a 
pavement can not be visually observed, since the cracks concerned started at the 
underside o f the asphalt layer. In addition, the results o f full scale pavement tests may be 
affected by many factors which the fatigue prediction model can not handle. Therefore, 
the slab test can serve as a ‘bridge’ between small beam tests and full scale pavement 
tests to verify the fatigue prediction model based on the beam test and help correlate the 
predicted results with field data.
The characterization o f the whole fatigue failure process is divided into two 
steps. A phenomenological approach is applied to  the crack initiation stage (O -N ,), 
where the asphalt is assumed as homogeneous and without any cracks The relationship 
is between the maximum tensile strain at the underside o f  the slab and, the number o f  
loading cycles until the stage at which a macro-crack appears. Then, the fracture 
mechanics approach is used for the macro-crack propagation stage (N ,-N j) The critical 
size o f  the crack which differentiates the crack initiation and propagation stages is 
determined by experiment
30
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CHAPTER 3.
APPROACHES TO  FATIGUE AND THEIR APPLICATION  
TO  ASPHALT PAVEMENT
3.1 APPROACHES TO FATIGUE
3.1.1 Phenomenological Approaches
Classical approaches to fatigue design involve the characterization o f  total life to failure 
in terms o f the cyclic stress o r the strain. In these methods, the number o f  stress or strain 
cycles necessary to induce fatigue failure in initially smooth-surfaced laboratory 
specimens is estimated under controlled stresses or strains. The fatigue life incorporates 
the number o f  fatigue cycles to initiate a dominant crack and to propagate this dominant 
crack until the defined final failure occurs. In practice, various formulas are used to 
account for the effects o f  factors other than stress or strain, such as stiffness modulus, air 
void, asphalt content and asphalt properties for asphalt mix. These approaches are 
commonly used for the cases where crack initiation life constitutes a major component o f  
total fatigue life in smooth specimens Under high-cycle, low stress fatigue situations, 
the material deforms primarily elastically, and the fatigue life has traditionally been 
characterized in terms o f  the stress. However, the stresses associated with low-cycle 
fatigue are generally high enough to cause significant plastic deformation prior to failure. 
Under these conditions, the fatigue life is normally characterized in terms o f strain
3.1.2 Fracture M echanics Approach
Defect-tolerant or fracture mechanics approaches to fatigue are based on the premise 
that engineering structures are inherently flawed; the useful fatigue life then is the
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number o f  cycles to propagate a dominant flaw, o f  an assumed or measured initial size, 
to a critical dimension. The prediction o f  crack propagation life using fracture mechanics 
involves an empirical crack growth model, Paris’ law, which relates the crack 
propagation life to a mechanics entity, the stress intensity factor - K. K characterizes the 
strength o f the stress singularity near the crack front for linear elastic material. The 
stress intensity factor and Paris’ law are briefly introduced in the following.
The concept o f  stress intensity factor originally came from the analysis o f the 
stress condition around the front of a crack in a linear elastic body, which had been 
conducted by W estergaard (1939), Irwin (1957), Sneddon (1946) and Williams (1957)
It was found that the stress field in any linear elastic, cracked body in a polar coordinate 
system (Fig. 3.1) can be expressed by
oc m
<y, = I  (3.1)
yt m = ()
where is the stress tensor, K and A„ are c o n s ta n ts ,a n d  are stress functions o f  0, 
and 0  and r  are polar coordinates. As r - 0 ,  the first term approach infinity, while the 
second term remains finite Thus, the stress near the crack tip varies with l/v/r, 
regardless o f the configuration o f the cracked body
limo-,, = 7 ^ - / , ( ^ )  (3 2)
I j r r
The constant K was defined as the stress intensity factor. It represents the proportion in 
which the stress approaches infinity as r -0 , and completely defines the crack tip stress 
conditions.
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A crack may experience one o f  the three types o f  loading mode or their 
combination. Fig. 3.2. M ode I , where the principal stress is normal to the crack plane, 
tends to open the crack. Mode II relates to  in-plane shear stress, and Mode III 
corresponds to out-of-plane shear. The cracks in asphalt pavements mainly experience 
Mode 1 and II loading (Jayawickrama and Lytton 1987)
As in phenomenological approaches, the critical stress, or strain, needs to be 
evaluated for the structure considered. The stress intensity factor has to be determined 
to estimate the fatigue life by using this method. The stress intensity depends on the 
structure in which the crack growth is investigated, boundary condition, the type o f load 
and crack configurations. Most problems don’t have closed form solutions for K, which 
has to be determined by either experiment or numerical analysis.
Paris and his colleges were the first to use the stress intensity factor to 
characterize the fatigue crack growth. Paris et al ( 1961 ) showed that for a cyclic 
variation o f the imposed stress field, the fatigue crack growth increment dc/dN is related 
to the stress intensity factor K by the power law relationship: 
dc
= T K "  (3 3)
dN
where c is crack depth, C  and n are scaling constants, which are determined by 
experiment. These constants are influenced by such variables as material micro­
structure, loading frequency, test temperature, and environment. The fatigue life is 
calculated by integrating equation (3.3) from a measured or assumed initial crack size Co 
to a critical crack size Cf as follows.
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X
Fig. 3 .1 Definition o f  the polar coordinate axis ahead of a crack tip 
The z direction is normal to the x-y plane (Anderson 1995)
M o d e  1 M o d e  II M o d e  111
Fig. 3 .2 The three modes o f  loading that a crack can experience (Anderson 1995)
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N = (  (3.4)
^0 K.
given the relationship between the stress intensity factor K and crack depth c is 
established.
The essential difference between the above two approaches is that the fracture 
mechanics approach explicitly introduces a new philosophy which looks at a material as 
having a crack with a specific size. The difference is a consequence o f the degree to 
which the role o f  crack initiation and crack propagation are incorporated in the 
calculation o f  useful fatigue life. When phenomenological approach is used, the material 
is considered crack-free, and fatigue life consists o f  both crack initiation and crack 
propagation. On the other hand, when the fracture mechanics approach is used, the 
material is assumed to contain an initial crack o f a specific size; the fatigue life 
constitutes crack propagation stage. Which approach is used depends on which 
assumption is made on the initial condition o f  the material in question.
3.2 CHARACTERIZATION OF ASPHALT FATIGUE PROPERTIES 
Different investigators have used various approaches to describe the fatigue cracking in 
asphalt, which can be classified in three categories;
I The phenomenological approach, in which the asphalt is considered as a non-defect 
and homogeneous material and, the number o f  loading cycles to  the defined failure is 
characterized by the initial stress/strain. The cracking process in terms o f crack size is 
not quantitatively modeled.
2. The one-phase fracture mechanics approach, where the asphalt is considered as having
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initial defects (such as air voids). One o f  these defects is treated as an initial crack which 
would propagate, under repeated loading, from micro into macro level and ultimately 
cause the asphalt specimen fail. In this approach, fatigue cracking at micro and macro 
level is characterized in the same model as the form o f (3.3) by using the same material 
parameters o f  C  and n.
3 The two-phase fracture mechanics approach, in which the asphalt is considered as 
having initial defects. The asphalt fatigue failure is divided into two phases: crack 
initiation and propagation, where crack refers to macro crack ( always defined by the 
investigators). Crack initiation is described in micro-ffacture fatigue model, where the 
density o f a micro-cracks is assumed to follow a Weibull distribution. Crack propagation 
is characterized in conventional fracture mechanics approach, where a single crack is 
considered. Prediction o f  the crack initiation and propagation life uses different fracture 
mechanics models and different parameters.
In the following, a comprehensive literature review o f the previous researches on 
asphalt fatigue cracking using the above three approaches, is given. It includes 
laboratory characterization o f asphalt mix fatigue properties, evaluation o f the stress 
intensity factor for pavement cracks, pavement fatigue life prediction models and their 
verification, with crack survey and full-scale pavement test results
3.2.1 Asphalt Fatigue Relationships Based on a Phenomenological Approach 
The types o f  tests in asphalt fatigue studies include the flexure beam test, the repeated- 
load indirect tensile test, the direct tension test, the rolling cantilever beam test, the 
triaxial test, the torsional beam test and the rolling wheel test. Only the first is in
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common use. Porter and Kennedy (1975) compared results from different types o f tests, 
and concluded that the indirect tensile tests is more reasonable. In contradiction, 
Monismith et al (1994) preferred the flexural fatigue tests to the indirect tensile test. In 
fact, there are no substantial difference among these test types, in the sense that they are 
all suitable for comparing the properties o f different materials; none o f  them can fully 
simulate the stress conditions o f  pavements.
There are two loading modes for asphalt fatigue tests: stress-controlled and strain 
controlled. Studies show important differences in material response depending on 
whether a test is carried out under stress-controlled or strain-controlled loading 
conditions In the stress-controlled case, the specimen fails shortly after crack initiation, 
i.e. the crack propagation time is very short. Strain controlled fatigue test normally 
includes a rather long period o f  crack propagation. Since there is no total fracture o f  the 
specimen in strain-controlled testing, the specimen failure is usually defined as the point 
when the stiffness o f the asphalt mix reaches half o f its initial value (Ullidtz 1987). The 
difference o f  failure criteria defined for each case makes it very hard to  compare the 
results from these two types o f tests.
A comparison study o f  the fatigue behavior o f  asphalt mix under force and 
displacement controlled tests was conducted by Copper and Pell (1974). They found 
that in a forced controlled test, when the asphalt stiffness varies due to temperature or 
loading frequency, the fatigue lines (S-N curves) shift in parallel along stress axis. Fig.
3 3; the higher the stiffness the longer the fatigue life. In displacement controlled tests, 
the stiffness does not effect the fatigue lines significantly when stiffness is high. When
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stiffiiess at low magnitude, the fatigue lines translate and rotate as shown in Fig. 3.4 
However, Monismith (1969), Bergan (1973), Van Dijk (1977) and Bonnaure et al 
(1980)’ results did not show the same conclusions. The University o f  California data 
indicates that the stiffiiess affects the slope o f the relationship. Fig. 3 .5. Figure 3 .6 
(Bergan 1973) supports the University o f  California equation since the slope changes for 
different temperatures, and then for the stiffness.
Cooper and Pell (1974) also found that when the results o f  force-controlled 
fatigue test at different stiffiiess are expressed in terms o f  initial strains, the 
corresponding fatigue lines get very close. Then they concluded that strain is the proper 
criterion for asphalt mix fatigue life, which is able to account for the effect o f 
temperature, asphalt composition, loading frequency and asphalt stiffness, on the fatigue 
life Unfortunately, M yre’s (1992) result did not repeat this finding.
The effect o f  loading modes on the fatigue properties has been summarized in 
Table 3.1 (Jacob 1995). To apply the laboratory determined fatigue model to asphalt 
pavement, the loading modes which various pavements undergo have been investigated 
by many researchers. Monismith et. al (1969) showed that for pavements with thin 
layers o f bituminous material (less than 50mm) strain control was appropriate Asphalt 
layers in excess o f 150 mm are under stress-controlled loading. It was observed that at 
low temperature, when stiffness is high, crack propagation times will be short even under 
strain controlled testing and the tw o control modes will produce similar results.
Considering the asphalt layer pavement under an intermediate mode o f loading, 
between load-controlled and strain controlled, Monismith and Salam (1973) proposed a
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Fig 3.3 Effect o f asphalt stiffness (m =l-4) on the fatigue life 









Fig 3 .4 Effect o f  asphalt stiffness (m =l-4) on the fatigue life under
displacement controlled loading (Cooper and Pell 1974)
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mode factor, IMF, which is defined in terms o f pavement stress and strain conditions as 
follows:
where: A -  percentage of change in stress at a given point, due to a fixed reduction in 
stiffness, B = percentage o f  change in strain at a given point, due to  a fixed reduction in 
stiffness. The IMF is -1 for load controlled tests and +1 for displacement controlled 
tests. The fatigue models for pavement load conditions in-situ are determined by 
interpolating the fatigue curves for IMF = ± 1, which correspond to  force controlled and 
displacement controlled modes, respectively
Since the damage mechanisms for asphalt under force controlled and 
displacement controlled modes are significantly different, interpolation o f  these fatigue 
results lacks a theoretical base. Myre (1992) concluded that the IMF procedure doesn’t 
work for the pavements he investigated and, suggested test, the conditions should be as 
close to the field conditions as possible.
A number o f  investigators have studied the proportions which crack initiation and 
crack propagation take in displacement-controlled and force-controlled tests. Jacobs 
(1991 ) observed that for displacement controlled tests, the crack initiation life o f  a dense 
asphalt mix is about 52 percent o f  the total life defined as the point where the specimen 
disintegrates, and 60 percent if  the total life is defined as the stiffness reducing to  50 
percent o f  the initial value For the force-controlled test, Molenaar (1983) showed that 
the crack initiation life may be 80 percent o f  the total life Alphen and Molenaar ( 1985)
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also showed that crack initiation life determined from displacement-controlled or force- 
controlled tests, is for the initial stress and strain.
Table 3 I Difference between force and displacement controlled fatigue tests for asphalt 
mixes (Jacob 1995)
Variables Force controlled test Displacement controlled
Stiffiiess modulus o f  
AC layer High values
Low values
Thickness AC layer Comparatively thick layer Thin AC layer, < 80mm
Definition o f failure Well-defined
50percent reduction o f  the 
stiffness modulus
Scatter in fatigue test data Less More
Required number o f  tests Smaller Larger
Aging influence
Increases stiffness and 
fatigue life
Increases stiffness and 
reduces fatigue life
Magnitude o f  fatigue life Shorter Longer
Effect o f mix composition M ore sensitive Less sensitive
Rate o f energy dissipation Larger Smaller
Rate o f crack propagation Large Representative for in-situ
Healing Larger Smaller
In both displacement-controlled and force-controlled tests, the asphalt fatigue 
relationship is affected by many other factors. They include asphalt stiffiiess, volumes o f 
binder, air void and aggregate, and binder properties. Many fatigue relationships 
considering these factors have been developed in various forms as follow 
Brown et al (1977) ( force-controlled fatigue tests):
42
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\ / l 4  3 9 'r 2 4  2 ,  f ^ - 4 0  7 .  J _ y 5  13log V ^ ^8 .6 3  log 1*.*» -  15 8 )
^R&U V > (3 6)
The Shell Pavement Design Manual (SPDM )(I978), displacement-controlled fatigue 
tests:
N= (0 .856 V, + 1.08 ) ' ( S ^  lO") ( - ) '  (3 7 )
1̂
Bonnaure et al. (1980), displacement-controlled tests:
N = (4 .102  P I -  0 .205  PI V, + 1.094 V , -2 .7 0 7  ) '( S ^  10") ' " ( ^  ) ' (3 8)
Bonnaure et al. (1980), force-controlled tests:
N= (0 .3 0 0  P I -  0 .015P 1  V, + 0 .0 8 0  V „ -0 .1 9 8  ) '( S ^  10") ' “ ( ^  ) '  (3.9)
Francken and Clauwaert (1987), force-controlled fatigue tests:
N = 10" X:, ( - - )* ' (3.10)
1̂
where:
1̂ = e x p ( - 5 ^ ) ] ' :  (3.11)
V
k, - [0 .194 B+ 0 . 3 y ^ -  0 .109] ' (3 12)
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G  = 75.3 X 10  ̂ i f  B < 0.43
G  = 0.874 -  0 .86  B + 0 .216  i f  B > 0.43 (3.13)
d  log (pen)
5
where: = Strain
Vh = percent, volume o f binder 
V, = percent, volume o f air void 
V, = percent, o f aggregate
Tkaii = Softening point o f the binder, temperature Ring and Ball CC)
PI = Penetration index
pen = Penetration o f  the bitumen (in 1/10 mm)
S„, Stiffness modulus (in Mpa -= n/mm’)
The experimental conditions under which these fatigue life prediction models 
were established cover a range o f binder types, mix designs, test facilities, loading modes 
and temperature controls The parameters which are included in the fatigue life 
prediction are also differ among these models Jacobs summarized the ranges o f  the 
major parameters used in these models. Table 3 2.
Jacob (1995) compared the above relationships and found that, even with several 
major factors considered, the asphalt fatigue life predicted is significantly different. The 
maximum difference between SPDM and Francken may be o f  the order o f 2 times.
In addition to  the differences o f  predicted results between various relationships, 
the predicted life from any models is usually substantially different from field data. 
Generally, observed pavement life is longer than laboratory test results (Rauhut 1975).
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Table 3.2 The ranges o f  involved model parameters (After Jacobs, 1995)





Bro\^-n ct al. .18-54 40-200 9.4-11.2 5-6 Force Cantilever beam V|„ T r̂ „, e
SPDM - 40-100 4.9-14.2 1.7-11.2 Displ. 4 point beam V .̂ Sm . e
Bonnaure et ai. .15-71 27-208 4.5-14.5 1.5-15 Botli 4 point beam PI. Vh, Sm, E
Frankcn el al. 47-80 17-100 6-11 1-12 Force 4 point beam pen. Va. Vh. VgE
Finn (1977) suggested that when a laboratory relationship is used to predict pavement 
crack performance, a shift factor o f 13 should be used. O ther researchers suggested 
even bigger factors (Brown et al 1987). Considering the inadequacies o f laboratory 
based relationships, some researchers developed fatigue relationships through analysis o f 
the full-scale test road data (Deacon 1969, Zaniewski 1972, Jameson et al 1992). The 
advantage o f  these relationships is that they can estimate the amount o f cracking 
(normally in terms o f  crack length per unit area) The limitation o f these relationships is 
that they are valid only for similar pavement structures, asphalts and environments.
Instead o f  relating strain or stress to asphalt fatigue life in a conventional 
approach. Van Dijk (1975) established a relationship between the dissipated energy o f 
the specimen to  fatigue failure and, the corresponding loading cycles, as follows:
N =  ( ( 2  sin  f, ) K ) ‘ (3 14)
n 1
where «r, = amplitude o f  the sinusoidal stress,
r.i = amplitude o f strain,
f, = phase angle between force and displacement,
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N = number o f  load applications to failure,
K, a  = material constants.
The dissipated energy, «,£, sin f, is usually measured from dynamic bending tests 
(flexual and trapezoidal specimens) with sinusoidal loading. Bending tests can be 
conducted in controlled stress or controlled strain modes The test results from Van Dijk 
(1977) and other researchers show that the above relationship is independent o f  : (a) the 
type o f  test methods, (b) the mode o f  loading (force-controlled and displacement- 
controlled), (c) rest periods (between 0-5 times the loading time), (d) test temperature 
(between 10 and 40), (e) the type o f bitumen (40/50-80/100 penetration binder) and, (f) 
loading frequency (between 10-50 Hz).
The fatigue life equation established based on the dissipated energy approach has 
been used for pavement design. The Shell pavement design guide provides values on K  
and a for a range o f asphalt mixes. A fatigue relationship for a specific mix, which has a 
volume o f  binder o f  11.0 and a void filled with bitumen o f  76 percent, was derived:
N = 222 ,892^  f  -5 .4 7 4  sin (3 15)
I m ix  "
where, N -  fatigue life
r., = initial strain (microstrain)
S„|, = initial mix stiffness (Mpa)
fo = initial phase angle (degree)
Considering the effects o f  binder content on the fatigue life, the SHRP model 
modified the Shell equation, adding voids filled with binder (percent) as an extra
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parameter. The revised model is as follows:
N = 2 7 1 ,0 2 4 "^ *  (S „ „  s i n f j  ' ' "  (3 16)
where, VFA = voids filled with binder (percent).
Comparing equations with the fatigue relationships which are developed directly 
based on stress or strain, we can find the only difference is that the former induced an 
additional parameter, phase angle. Phase angle reflects the viscoelastic property o f 
asphalt mix, and is found to be closely related to  the stiffness S„,„ (SHRP, 1992) If 
is substituted for , (3 .16) is in the same form o f conventional method
3.2.2 Asphalt Fatigue Relationships Based on Fracture M echanics 
One phase approach
Majidzadeh and Ramsamooj ( 1969, 1970, 1971, 1972, 1973, 1977), Monismith( 1972, 
1980), M olenaar (1983) are among the major investigators who have used the fracture 
mechanics method to study asphalt mix and pavement fatigue cracks. They all assumed 
that the asphalt has initial defects and use one model to describe the whole fatigue 
process. Most o f  the research was concentrated on the determination o f the crack 
growth parameters, C  and n, and, crack initial size, c« through laboratory tests
Majidzadeh and Ramsamooj (1969, 1970, 1971) used simply supported beams 
and beams on elastic foundations. Both notched and unnotched specimens were used in 
this investigation. In the beam on elastic foundation experiments, a soft rubber with 
modulus o f  elasticity o f  E = 86 KPa was used to simulate the base layer. Because o f  the 
difficulty o f  direct measurement o f  crack depth, an indirect method was used to obtain
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the crack length from measurements o f  the compliance o f  the beam, which is defined as 
the inverse o f  the slope o f  the load /deflection curve. The results are given in Table 3 3.
Table 3 3. Values o f  (' and // in crack propagation law da/dN = f ’ K" (Majidzadeh et 
al,l970)
Specimen Dimension ('(m m /cycle) | n
Simply supported 
oeam
Sand asphalt at -5'*C 5 X 10" 4
Sand asphalt at 25"C 3 15 X 10? 3.05
Sand asphalt at 25“C 141 X 1 0 " 3.05
Asphalt concrete at 5"C 1.5 X 10" 3.35
Beam on elastic 
foundation
Sand asphalt at 25“C 
24" X 3" X 2"
3.36 X 10 '" 3.72
In this study, the starter flaw a<, was considered as a material parameter like C  and n, and 
back-calculated by integrating equation;
c „ =  c , . -  j c ’ K" d N (3.17)
with C  and n and, the loading cycles for a crack to propagate from c„ to ĉ . Therefore, 
the value o f  determined is only an estimated value.
Based on the results o f  further experiments, Majidzadeh (1971) concluded that a 
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He also concluded that if  Paris’ model was used , the power n was dependent on the 
loading conditions. For low load, high life fatigue, n is between 4 and 8. For high load, 
and low fatigue life, n is around 2. When n is chosen to be 2, parameters C  and n can be 
predicted from mechanical properties o f  the asphalt mix such as tensile strength, dynamic 
modulus and fracture toughness.
Salam and Monismith (1972) conducted single-edge-notched four-point beam 
bending tests and single-edge-notched tension tests. They obtained C  ^ 7.9 x 10 ‘“ 
(mm/cycle), and /i = 3 . 8 . It was also concluded that the sensitivity o f  fatigue life to  the 
stress intensity factor decreases with decreasing stiffness. This result is easy to 
understand because the asphalt mix material is no longer elastic at high temperature and 
stress intensity factor, which is only valid for linear elastic materials, can not represent 
the material fracture property
In order to  more closely simulate cracks in real pavements, Ramsamooj and 
Majidzadeh ( 1971) experimented on slabs supported by an elastic foundation to 
investigate the rule o f  crack propagation in asphalt. The results show that the crack 
growth rates ( C  and n ) determined from slab and beam test are reasonably close. On 
the other hand, the fatigue lives, as a function o f bending stress, obtained from the beam 
and slab are quite different The discrepancies are o f  more than one order o f magnitude 
(over 20 times ). These results show that the bending stress is not a efficient parameter 
to describe the fatigue behavior o f  pavements, as it can not account for the crack 
propagation and the subsequent stress redistribution. On the other hand, the stress- 
intensity factor, K  can frilly account for these effects.
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For visco-elastic material, Schapery (1984, 1986) theoretically derived the 
equation relating the velocity o f  crack propagation, due to  mode 1 displacements, in the 
same form as Paris’s law. The two material parameters, C  and n, were given as follows:
c  = I "  i f  '^(>>“ ' ‘ " ' * 1  (3 19)6(7 J ,  2 G •'0
n  = 2 (1  + 1 /  /;/) (3 20)
where <t„ ^  maximum tensile stress the material can withstand before failure,
I, = a factor depending on the stress conditions at the crack tip. the failure
stress o f  the material and the length o f  the failure zone,
r  = energy needed to produce a unit surface o f fracture,
Di = the compliance o f  the material considered at t - 1 second,
V = Possion’s ratio,
w(t) = the pulse shape o f  the stress intensity factor,
m =-- the slope o f  the compliance curve.
Based on Schapery’s equation 3.19, Molenaar (1983) tried to estimate C and n 
using van der Poel’s Sh,„ vs S„„ nomograph and static indirect tensile test results He 
established a regression equation as follows:
lo g C -  4 .3 8 9 -  2 .52  log S , a  n  ( 3 '>nm ix  m t-’ —
where ^  tensile strength o f the material at the given loading conditions (M Pa)
S„(, = stiffness o f the material at the given loading conditions (MPa)
Molenaar’s results for C  and n are listed in Table 3.4
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3.4. Values o f C  and n  in crack propagation law dc/dN = ( '  K" (Molenaar, 1983)
Mix Temp."C
Freq.









15 1 X.98E-8 4.03 AC 5 10 2.61E- 8.70
15 10 l.OlE-9 4.37 Dense 15 1 3.06E-6 3.24
5 10 5.04E-9 3.09 AC 15 10 1.40E-6 2.57
Open 15 1 1.67E-6 3.79 Cold 15 1 4.91E-3 2.99
AC 15 10 9.18E-7 2.88 AC 5 10 5 16E-4 1.26
Jacob ( 1995) conducted direct tensile tests on notched specimens o f dimensions 
50 X 50 X 150 mm. The notch was 5 mm wide. Most o f  the tests were carried out a t a 
loading frequency o f  8 Hz, which corresponds to a vehicle speed o f  60 km/h. Table 3 5 
lists the result at 25”C.
Table 3.5 Values o f  C , w and crack initial depth (Jacob 1995)
Mix ( ’ (mm/cycle) n c,,^^ (mm)
Sand asphalt 3.25 X 10^ 4.32 3.3
Dense asphalt 8 5 03 X 10 ? 3.88 3 6
Dense asphalt 16 1.92 X 10 " 3 53 4.0
Dense asphalt 
(mocf) 2 .70 X 10-"' 2.80 5.2
Stone mastic 
asphalt 1.20 X 10 '̂ 3.15 3 8
From the above literature review, the following conclusions may be drawn on the 
one-phase approach.
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1. Paris’ law is empirical; C  and n are regression parameters and not ‘real’ material 
parameters. They are dependent on material, test type, loading mode, specimen 
configuration and size and, support type.
2 The initial crack length is a critical param eter for calculation o f  crack propagation, and 
its determination should not be based simply on an assumption but on laboratory fatigue 
test observations.
The major problem associated with the one-phase fracture mechanics approach is 
that it does not differentiate the micro- and macro-crack stages. The crack initiation 
size determined from this approach is an “equivalent” value, which does not correspond 
to a physical crack. At the micro level, there are many initial cracks in asphalt which are 
in smaller size than the “equivalent” value. Under repeated loading, these micro-cracks 
gradually covalence into a macro-crack. Since the one-phase approach only deals with a 
single crack, it doesn’t apply to the process o f  the formation o f  a macro-crack from these 
micro-cracks. To solve this problem, a two-phase approach was proposed in the SHRP 
program.
Two-Phase Approach
In the SHRP research, Uzan and Lytton (1993) considered the asphalt fatigue failure as a 
two-phase process consisting o f crack initiation and crack propagation. First, the 
material undergoes micro-fracture damage in the tensile zone When the damage has 
resulted in a visible crack, the crack propagates. The critical length o f  the crack which 
separates the two phases was defined as 7.5 mm. The crack initiation phase is described 
by a micro-ffacture model. The crack propagation model is based on Paris’ law
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In the micro-fracture model, the energy equivalency concept was used to 
establish a relationship between the asphalt mix stiffness reduction and micro-crack 
growth. The energy equivalency is defined as follows. For a finite element with a micro­
crack o f  length 2c shown in Fig 3.7(a), it can be represented by an uncracked element 
(Fig. 3 .7(b)) o f  reduced stiffness, whose strain energy 11 ,̂, is equal to the strain energy o f 
the cracked element From the following relationship can be obtained:
(F,+ F,)
(3 22)
where, F„p 2 ,F 3  and F̂  are function o f stresses <r and r, c is crack length, b and /  are the 
width and length o f  the finite element and F is a special function. Consider m micro- 















(n) ( h )
Fig 3.7 Elements used to derive micro-fracture parameters 
by the energy balance approach (Lytton, et al 1993)
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probability o f  a crack o f  length c,, E ’/E  becomes:
^ ________________________ (F ,+  F J  ____
E ^ _  ,ni  r 4 F E
b r ^  ; r F
FJ1+2;r(J^)[ j cp (c)dc-j  c ‘p(c)dc ]}-  F,
(3 23)
p(c) is assumed to follow a Weibull distribution with a shape parameter y  and a scale 
parameter A. and the above two integrals are substituted by mean crack length c and the 
mean o f the squared length c^. EVE then becomes:
E (F,+ F )
(3 24)
The stiffness reduction EVE is related to the dissipated energy through crack length c by 




where t is the thickness o f the material, dc/dN is the rate o f  crack growth and J is the 
energy release integral. Using empirical relation: 
dc
dN
= ('(K^ + K‘ )"‘ (3 26)
where K ,’ and K ,/  are given respectively by a^nc and r^arc, and are directly proportional 
to J, and J„ Substituting c in terms o f dW /dN in to the first relationship, the following 
equation is obtained:
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&  ( ^ ) ___________________________
dN
Using this relationship, the measured EVE and dW/dN may be used to back-calculate 
the fracture mechanics parameters, C  and n, the parameters o f  distribution o f  micro­
cracks, y and X, and micro-crack density m, using a System Identification method.
The SHRP micro-ffacture model has several problems. First, the micro-structure 
o f  asphalt is extremely complicated, it is composed o f  very distinct components: 
aggregates, binder and void The size o f  micro-cracks in the asphalt has the same order 
as that o f  the components As the growth o f  micro-cracks is studied, the assumption 
that asphalt is homogeneous, which is adopted in SHRP model, is not valid. Thus, the 
application o f LEFM based on the homogeneous assumption is also questionable.
Second, based on the original assumption that the finite element had a crack through 
center, the crack predicted from the model should be also a center crack But, it is 
interpreted as a surface crack in the subsequent crack propagation model without 
justification. Finally, the (facture parameters C an d  n were determined by an indirect 
(back-calculation) method and their validity should be verified by more experiments.
In addition to the conventional phenomenological approach and fracture 
mechanics approach, a very distinct method, the Absolute Theory (ART) was used to 
study the fatigue crack in asphalt by Jacobs (1995) In the ART, the material is 
presented as molecules and bonds between molecules. Fig. 3 . 8 . Each bond has a specific 
amount o f  energy Q, in the equilibrium position, due to temperature and internal stresses.
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molecule
bond
Fig. 3 ,8 Representation o f the interactions between molecules and 
bonds in APT model (Jacob 1995)
The distribution o f  the thermal energy over the bonds is described by the Maxwell-
Boltzmann function. Jacob represented the components o f asphalt concrete, such as
aggregate, sand, bitumen and filler, as “molecules” The crack growth process is
characterized by a combination o f  bond-slipping and bond-forming The material
parameters o f  this model were obtained for asphalt by using the results o f  direct tensile
fatigue tests. The practical use o f  ART theory to asphalt needs further investigation.
3.3 NUMERICAL EVALUATION OF THE STRESS INTENSITY FACTOR OF 
A CRACK IN A PAVEM ENT LAYER
When a laboratory determined fatigue relationship based on fracture mechanics is 
established, the application o f  this relationship, to estimate the crack development in 
asphalt pavements, requires evaluation o f the stress intensity factor for the crack in a 
pavement layer. The stress intensity factor is a function o f the applied load, crack 
geometry and pavement structure. Because o f  the difficulty o f the problem, the crack- 
analysis o f  asphalt pavement has been simplified by many assumptions.
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In the SHARP program the following assumptions regarding the pavement 
geometry, initial crack and material and material parameters were made ( 1993,1997):
1. The pavement model is in plane strain state, involving strip loading and a 
longitudinal crack.
2. The crack is vertical and propagation is upward by the shearing o f  the crack tip.
3 The crack initiation takes place at the bottom o f  the asphalt layer.
4. The pavement materials are linear elastic and isotropic with constant modulus o f 
elasticity and Possion’s ratio.
The finite element computer code developed by Owen and Fawkes ( 1983) was 
used in the SHRP program to evaluate the stress intensity factor A conventional 
quarter-point triangular element was used.
The method used to  evaluate the stress intensity factor in the SHRP program is 
old and inefficient. Several advanced methods have been developed in the last twenty 
years. Currently, the tendency is to  use the finite element code with conventional 
elements to evaluate the crack deriving force, through a path-independent contour 
integral such as J, which is applicable to both elastic and elastic-plastic materials. This 
technique allows the crack-tip region to be modeled with much less mesh refinement 
than is necessary to model the singularity directly and eliminates the need for special 
elements. This method is described in more detail in Chapter 4
Ramsamooj (1993) proposed an approximate equation for evaluating the stress 
intensity factor K, for a crack in a pavement, based on Kirchhoff theory o f  bending. The 
cracked asphalt layer was modeled as a plate with elastic foundation. The crack was
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simulated as a semi-elliptical surface crack This equation is easy to  use, without the 
complicated FEM analysis. However, it can not realistically reflect the effect o f 
pavement base and subbase on the stress intensity factor.
3.4 SUM M ARY
The study o f  fatigue performance o f  asphalt pavements has continued for more than four 
decades since Hveem first raised this issue in 1955. The research in thel960's, 70’s and 
early 80's was focused on the laboratory evaluation o f  various asphalt through all types 
o f beam and indirect tensile tests. During this period, a huge volume o f  data has been 
accumulated, and the main achievements include the establishment o f  basic forms o f  the 
asphalt fatigue equation and clarification o f  the various factors affecting asphalt fatigue 
properties, such as test types, loading types, asphalt content, air void, and many others. 
The phenomenological approach was dominantly used in this time, although the 
approach based on fracture mechanics has been applied by few investigator. Empirical 
fatigue equations were applied to  the prediction o f pavement life but with many 
problems; the predicted life for could differ from the observed life by a factor o f 200. 
Also, during this period, the concept that fatigue cracks initiate at the bottom o f  asphalt 
layer was taken for granted as the basic assumption for mechanistic pavement design 
methods.
There were two major contributions made by the SHRP research program, which 
started in 1988 and ended in 1994, to the study o f  pavement fatigue performance. First, 
crack development in asphalt pavements w as explicitly divided into tw o stages: crack 
initiation and crack propagation. The differences in the damage processes between these
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two stages has been identified. Second, crack propagation in pavements was 
investigated through evaluating the stress intensity factor for the crack. However, in this 
study, the similarity o f fracture parameters were taken for granted. The material 
parameters determined from bending beam tests were directly applied to pavement crack 
prediction. The effect o f  crack configuration and specimen size on the crack 
propagation parameters was ignored.
M icro-ffacture fatigue models for asphalt have been proposed recently. None o f 
them deal realistically with the asphalt at the “micro-structural” level, because o f the 
assumption o f  a single phase and uniform material. The crack initiation model based on 
a micro-fracture needs further verification.
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CHAPTER 4.
STRESS ANALYSIS O F A SLAB WITH AND W ITH O UT A CRACK  
4.1 INTRODUCTION
In this study, repeated loading tests were conducted on simply supported asphalt slabs, 
to determine asphalt fatigue properties. The asphalt fatigue failure process is 
characterized by two phases: crack initiation and propagation. In the first phase, asphalt 
is assumed as a body initially without cracks. The number o f  repeated loading cycles for 
asphalt to initiate a defined crack is characterized by the maximum tensile strain at the 
underside o f  the asphalt slab In the second phase, once a crack exists, the stress 
intensity factor, around the crack tip, is used to characterize crack propagation. To 
establish a relationship between the stress intensity factor and crack growth rate requires 
evaluating the stress intensity factor for the specific crack problem. In this study, the 
fatigue crack in a asphalt slab is represented as a semi-elliptical surface crack at the 
underside o f  the slab which requires a three-dimensional stress analysis.
To evaluate the critical strain in an uncracked slab and the stress intensity factor 
for a crack, requires a finite element technique, because there are no closed form 
solutions In this research, a commercial FEM software package, ABAQUS, is used to 
calculate stress and stress intensity factor. The analyses were conducted on a Silicon- 
Graphics work station at the LSU CAD laboratory and an Sun w ork station at LTRC
4.2 3-D FEM ANALYSIS FOR A SLAB W ITHOUT CRACK S
The asphalt slabs tested were cut from field test pavements. The slabs were square with 
the dimension o f 390 x 390 mm. The thickness o f  these slabs varied from 80 to 105 mm.
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too thick to be simulated by a thin plate theory; a 3-D finite element model therefore was 
established for the stress analysis.
Figure 4 .1 shows the plan view o f  the slab and the corresponding FEM mesh.
The load was on a circular area with a diameter o f  115 mm. Due to  symmetry, only a 
quarter o f  the slab was modeled. In the horizontal plane, 1 3 x 1 3  elements are used, 
except in the loading area, in the thickness direction, three mesh schemes were used to 
study the convergence o f the solutions, with 5, 7 and 10 elements respectively
The element types used were a 6-node linear triangular prism (C3D6) and an 8- 
node linear brick (C3D8), Fig 4.2. C3D8 was used except for the transition area from 
the loading region to the rest, where C3D6 was used. These types o f  elements were 
proved have enough accuracy for uniform geometrical problems.
The solution o f  stress in this problem is independent o f  modulus and in linear 
relationship with load. Both strain and displacement are in linear relationship with 
modulus and load. According to these relationships, only one set parameters o f 
modulus. Poisson s ratio and load is used to conduct the stress analysis. The values o f 
modulus. Poisson s ratio and load are 3000MPa, 0 3 and 5 kN. The stress and strain for 
other modulus and load values can be easily interpreted from the results o f  the given set 
o f parameters.
The slabs, o f nine thicknesses o f  86, 88, 90, 92, 94, 96, 98, 100 and 100 mm, 
which cover all the thicknesses o f  the asphalt slabs tested, were analyzed to establish the 
relationships o f  displacement, maximum tensile stress and strain, octahedral and mean 
principal stress as functions o f  the slab thickness. From these relationships, the stress
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(/)(/) Fig. 4.2 6-node linear triangular prism (C3D6) element and 8-node 
linear brick (C3D8) element
condition o f  a slab with any thickness and modulus and under a load o f  any magnitude 
can be calculated
To select a proper mesh model for determining the above relationships, a 
convergence study o f  stress and displacement was conducted. The thickness used for 
this study was 95 mm Since the displacements at a position 58 mm from the slab center 
were measured by two LVDTs, the displacement at this position was calculated for the 
convergence study. The stress also was calculated for the center point at the underside 
o f  the slab. The slab was divided into 5, 7 and 10 layers in the thickness direction, 
respectively. The results are shown in Table 4.1. When the thickness is divided into 10 
layers, both stress and displacement are estimated within 2 percent.
Table 4 .1 Results o f convergency study





Tensile Stress at 
Center o f  the 
Underside o f  Slab 
(KPa)
Percent o f 





(58mm from the 
Slab Center) 
( lO ’mm)
Percent o f 
Change o f 
Previous 
Result (%)
5 599 - 4.13 -
7 638 6.6 4 14 0.3
10 648 1.6 4.15 0.3
when the stress analysis were conducted for the slabs with different thicknesses, 
the mesh scheme with 10 elements in vertical direction was used. The analysis results 
are given in Table 4.2. The displacement and stresses were expressed in functions o f  the 
slab thickness.
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Table 4,2 The displacement, maximum stress and strain, octahedral shear stress and mean principal stress as a function o f slab 
thickness (E=3000MPa, Poisson s ratio=0.3, and load=5 kN)
o-
Slab thickness H (mm)
Regression equation
86 88 90 92 94 % 98 100 102
Disp. (58 mm from 
Center) (10^ mm) 5.04
4,79 4.56 4.35 4.15 3.97 3.80 3.65 3.50 Dis.=0.0019H'-0.445H + 29.57
Maximum Tensile 
Stress. SI 1 (XPa)
763160 731520 696770 666590 638220 611510 586340 562590 540150 S1!=0.2179H= -55.229H +3915
Maximum Tensile 
Strain. E ll  (10^)
1.798 1.718 1.643 1.573 1.506 1.444 1.385 1.329 1.277 E11=0.0522H'-13.22H +937
Octahedral Shear 
Stress Oct.. (KPa) 378844 361876 345968 331022 316976 303751 291284 279520 268405 Oct =0 1039H '-26 414+1881.7
Mean Principal 
Stress m, (KPa)
502868 480935 458690 438628 419777 402037 385331 369575 354696 m=0.0698H- -17.632H +1244
4.3 DETERM INATION O F STRESS INTENSITY FACTOR FOR A SEM I­
ELLIPTICAL SURFACE CRACK IN A SLAB
4.3.1 M ethods in Stress Intensity Factor Evaluation
The approaches which had been used in crack analysis in earlier time can be divided into 
two types; point displacement matching and energy release methods. While the energy 
methods compute the energy release rate in the body and relate this rate to stress 
intensity. One advantage o f  energy methods is that they can be applied to non-linear 
material behavior.
The stress and displacement matching method was used, in early times to 
evaluate the stress intensity factor. This approach calculates the stress intensity factor 
from the stress o r displacement fields in the body. The stress intensity factor is inferred 
by plotting the stress o r displacement at nodes against distance from the crack tip, and 
extrapolating to r = 0, where r is the distance from the crack tip
The displacement matching method usually gives a more accurate estimate o f K,, 
because nodal displacements can be obtained with a higher degree o f  precision than 
stresses. Since both methods require accurate calculation o f  the stress or displacement in 
the region around the crack front, the required mesh must be very fine, thus, these 
methods are inefficient. Some researchers in computational fracture mechanics 
attempted to reduce the mesh size requirements for point matching analyses by 
introducing special elements at the crack tip, with the \N r  singularity (Tracey 1971). 
Barsoum ( 1976) later showed that the same effect could be achieved by a slight 
modification to  conventional isoparametric elements.
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Parks (1973) and Hellen (1974) independently proposed the finite element 
methods for inferring stress intensity factors from the energy release rate in elastic 
bodies. The energy release rate is related to the derivative o f  the stiffness matrix with 
respect to crack length.
Suppose that a finite element mesh for a body with crack length c have been 
generated and the crack is to be extended by Ac It is not necessary to change all o f  the 
elements in the mesh model; crack growth can be represented by moving elements near 
the crack tip and leaving the rest o f  the mesh intact. Figure 4.3 illustrates such a 
process, where elements inside the contour To are shifted by Ac, and elements outside o f 
the contour P, are unaffected. Each o f the elements between the two contours is 
distorted, such that the stiffness changes. Then, the energy release rate is related to  this 
change in element stiffness. In a virtual crack extension analysis, it is not necessary to 
generate a second mesh with a slightly longer crack It is sufficient merely to calculate 




(a) Initial conditions. (b) After virtual crack advance.
Fig. 4.3 Virtual crack extension method for J-integral evaluation
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One problem associated with the stiffness derivative approach is that it involves 
cumbersome numerical differentiation. deLorenzi (1982, 1985) improved the method by 
considering the energy release rate o f  a continuum. Shortly after deLorenzi s method 
was proposed, Shih, et al (1986, 1987) developed the energy domain integral approach. 
This approach is to evaluate a path-independent integral, called J, which can uniquely 




Where, E= modulus, |i=Poisson’s ratio.
The J integral was first proposed by Rice in 1968 as follows:
(4 1)
( 42)
where P is an arbitrary counter-clockwise path around the crack tip. Fig 4 4, w is the 
strain energy density, and T} and «,• are components o f  traction vector and displacement 
vector, respectively. Rice showed that the value o f  the J integral is independent o f  the
Fig. 4.4 The definition o f  J-integral
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Fig, 4 .5 J-integral in term o f  a domain 
path o f  integration around the crack and can be expressed in a domain in a elastic body 
around the crack front (Fig 4 5)
In the finite element analysis proposed by Shih, the integration region over which 
integration is performed is defined as a serial o f elements surrounding the crack tip In 
three dimensional problems, since the crack tip is not a point, but a plane, the volume o f 
integration is a tube composed o f  several serials o f  brick elements surrounding crack 
plane. The three dimensional problem is much more complicated for mesh design and J 
is usually evaluated at a number o f locations along the crack front.
This the J integral approach is much more efficient than the early methods Even 
using a relatively coarse mesh allows satisfactory accuracy. A finite element procedure 
based on this method has been implemented in ABAQUS, for this study.
4.3.2 Semi-Elliptical Surface Crack Problem
A fatigue crack in an asphalt layer in a pavement structure may be characterized as a 
semi-elliptical surface crack A fatigue crack in a simply supported slab has the same 
crack configuration (Ramsamooj 1993). Therefore, an asphalt slab, with a fatigue crack
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at the underside, can be modeled as a slab with a semi-elliptical surface crack. Fig.4 6 
Due to symmetry, only a quarter o f  the slab needs to be modeled
The determination o f  the stress intensity factor for semi-elliptical surface crack is 
a important problem in fracture mechanics. Most previous research works has 
concentrated on the analysis o f a semi-elliptical surface crack in a slab subjected to  
tension and pure bending. Browning and Smith (1976), Kobayashi ( 1975) and Smith and 
Sorensen (1974) used the alternating method and Kathireasan (1976) and Raju and 
Newman ( 1979,1987) used the finite-element method to  obtain stress-intensity factor 
variations along the crack front for various crack shapes. For a semi-elliptical surface 
crack in a four-side simply supported slab and subjected to a central vertical load, there 
were not existing analysis results found from the literature.
4.3.3 Mesh Design for a Slab with a Semi-Elliptical Surface Crack 
The most efficient mesh design for the crack tip region has been proved to be the "spider 
web” configuration, which consists o f concentric rings o f  four sided elements that are 
focused toward the crack tip. This type o f mesh is illustrated in Fig 4 7 for the two 
dimensional case. The crack tip is surrounded by three rings o f elements. Each ring o f 
elements is used to evaluate a J-integral. Because the J-integral is path independent, the 
calculated values o f  these J-integrals should be close each other. Since the stress and 
strain gradients in the crack tip region are steep, a refined mesh is traditionally needed at 
this region. For elastic analysis, with the domain integral approach, the integration in 
this method is relatively insensitive to mesh size; even using a relatively coarse mesh 
allows satisfactory accuracy. The mesh normally includes singularity elements at the
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crack tip, when the integration domain is defined as a smaJl region near the crack tip If 
the domain is defined over a large portion o f  the mesh, singularity elements are 
unnecessary. For three dimensional cracks, where the crack tip is a line instead o f  a 
point, the “spider web” type mesh is also used. The only difference is that at one point 
o f  the crack front line, the corresponding J-integral is evaluated from a ring o f 3-D 
elements. Normally, at different points o f  the crack front, the J-integral value is 
different. The mesh development o f  the semi-elliptical crack in this problem, using the 
“spider web” configuration, is described in detail in the following. The three-dimensional 
C3DR20 (20-node quadratic brick element, reduced integration) and C3D15 (15-node 
quadratic triangular prism element) are used to  model the slab, as illustrated in Fig 4.8 
Element type C3DR20 has very high accuracy and is used for most o f  the region; C3D 15 
is used only for transition regions. The quarter o f  the slab is shown in Fig 4 9, with the 
mesh scheme in x-y plane
Development o f  the mesh model is divided into two parts: A and B. Part A is 
formed by rotating the plane x-z (y=0) along the crack front, which is in the shape o f  a 
quarter o f  an ellipse, for 90 degrees, part A is then cut into a number o f wedges o f 
elements by several planes (0, = constant). Each wedge is composed o f elements that are 
identical in pattern The mesh scheme in the plane x-z (y=0) and part A in three 
dimensions are illustrated in Fig 4.10 Part A is composed o f  C3DR20 and C3D 15 
irregular shapes By this mesh formation, each specific point at the semi-elliptical crack 
front line is surrounded by three rings o f  elements. The first ring o f elements are o f 
C3D 15 type while the other two outer rings o f  elements are o f  C3DR20 type. The
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J-integral at each point is calculated from each o f  the three rings o f  elements The values 
o f  three J-integrals should be approximately identical. This is used as a preliminary 
check for the validity o f  a mesh design.
Part B is composed o f  a series o f  cylinders o f C3DR20 and C 3D 15 elements, 
which are in regular shapes. The transition region between part A and B is filled by 
irregular C3DR20 and C3D15 elements, which are input manually The coordinates o f 
the mesh model are automatically created by a special program, which is listed in 
Appendix A. The coordinates are designed as a convenient way to  build up the 
elements. A typical input file is given in Appendix B
In the mesh formation o f  part A, Fig. 4.9 and 4.10, it is normally considered more 
accurate to  use surfaces instead o f  planes (i* plane in Fig 4 10) as cutters to  form the 
elements in 0 direction However, this requires numerous inputs to modify the 
coordinates developed by the special program. Therefore, a comparison study o f  two 
mesh models, which use planes and surfaces as cutters, respectively, in the 0 direction, 
was conducted. The objective o f  this comparison study is to evaluate the effect o f 
different mesh designs on the analysis results and check if the planes as cutters can be 
used instead o f  surfaces, in the 0 direction.
4.3.4 C onvergence S tudy
Since the J-integrals around the crack front are insensitive to the mesh distant from the 
crack (ABAQUS, 1995), only the mesh designs o f part A were investigated. In this 
study, the mesh patterns in two directions were studied. One is the mesh pattern in the 0 
direction, namely, the number o f  cutters. The other was the mesh pattern in the r
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direction, namely the number o f  semi-elliptical surfaces. Fig 4.10 The material and load 
parameters used for the convergence study and following analysis are; modulus E= 3000 
MPa; Poisson's ratio ^  = 0.3; pressure p=4.7 N/mm^, on a square loading area o f  33 x 
33 mm at the center o f  top side o f  the slab. The slab thickness adopted here was 95 mm, 
which is four-side simply supported. Since the problem is linear elastic, the results for 
any other set o f  parameters can be interpolated from the results for the parameters given 
here.
The first comparison was made between mesh A and B in Fig, 4 11 for a crack 
depth o f  15 mm. This configuration is chosen because the relative small size o f this 
crack may cause the sensitivity o f  the results to the mesh. The mesh A includes 8 
elements on two sides o f  the crack in the r  direction and 5 wedges in the 0 direction 
The second model was composed o f 12 elements on two sides o f  the crack in r  direction, 
and 10 wedges in the 0  direction. Another difference between the two meshes is that 
mesh A has plane cutters while mesh B has surface cutters in the 0 direction. The 
number o f  degrees o f  freedom were 26118 and 72751 for model A and B, respectively. 
Mesh B is much finer than mesh A. The results o f J-integral along the crack front for 
these two meshes are shown in Fig 4 12, where the value o f  J-integral at a point (0, ) is 
the average o f  three values calculated from three rings o f elements respectively. It can 
be seen that the J-integrals evaluated from two significantly different mesh patterns gave 
very close results, within about 3 .4% o f  each other.
Fig 4 13 gives the J-integral results calculated from the three rings o f  elements 
around the crack front, for mesh A. The three J values are very close except at the region
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Fig. 4 .13 J-integrals calculated from three rings o f  elements around 
the crack front (a= 15 mm and c=40 mm), mesh A
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near the free surface (0 =0), as expected The results o f  mesh B are the same. It shows 
that the meshes are valid.
The second comparison was conducted between two meshes for a crack depth o f 
25 mm. The two mesh models C and D are shown in Fig. 4.14. The mesh pattern in the 
r  direction is the same and the number o f edges along the crack front for model C and D 
are 7 and 9, respectively. The numbers o f  degree o f  freedom are 26118 and 21116 for C 
and D, respectively The difference o f  the results o f  J-integrals for these two mesh 
patterns were within 1%, Fig. 4.15.
The convergence study is also conducted on the effect o f different cutter patterns 
in 0 direction on the J results for a-25m m , 35mm and 55mm The comparison for each 
crack depth is between plane cutter and surface cutters; the corresponding meshes are
30
I 20 mesh C, D O F-261 18 




Fig 4.15 Convergence o f  J-integral for two different meshes (a=25 mm and c=80 mm)
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
shown in Fig. 4.16, 4.17.and 4.18, for a=25mm, 35mm and 55mm, respectively. The 
comparison results are shown in Fig. 4.19, 4.20 and 4.21. The differences between two 
mesh models for a=25mm, 35mm and 55mm are within 3%, 0.5% and 0.5%, 
respectively.
The stress contour plots also show the validity o f  the meshes Fig 4 22 is a 
typical example o f  stress contour plot, where a= 50mm The colors from yellow to 
orange shows stress concentration around the crack front The stress at the crack tip is 
in tension, which tends to cause the crack to open and propagate upwards. This is the 
result as expected. All other cases have the similar results.
It is concluded that the two different meshes used for a specific crack depth 
considered in this study give very close results. Each o f  the two meshes can be used to 
conduct further analysis in the following. The plane cutters in the 0  direction can be 
used instead o f  surface cutters without significant errors However, using plane cutters 
in the 0  direction makes the mesh development much more efficient.
The above results show that the J-integral near the free surface (0 -0 ) was not 
stable, with a sudden change. Hartranff and Shi proposed that the stress intensity factors 
( J-integral) in the very thin “boundary layer” near the free surface drop off rapidly and 
equal zero at the free surface. Raju and Newman ( 1979, 1980) analyzed this boundary- 
layer effect for a semi-elliptical surface crack in a large body using the FEM method. 
These results show that the stress intensities near the free surface were affected by the 
refinements and drop off rapidly as proposed by Hartranff and Sih. However, the stress- 
intensity distributions in the interior (0>7t/16) were unaffected by the refinements.
83





















































































Reproduced with permission of the copyright owner
Further reproduction prohibited without permission.
30
mesh E, D O F  = 2 5 5 8 l
m esh F, D O F - 2 5 5 8 I
■ S
20 800 40 60 100
0 (degree)
Fig. 4,19 Results o f J-integrals for two different meshes, a=25 mm and c=65 mm
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Fig. 4.20 Results o f  J-integrals for two different meshes, a=35 mm and c=80 mm
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Fig 4.21 Results o f  J-integrals for two different meshes (a=55 mm and c=120 mm)
Therefore, in light o f  the highly localized boundary-layer effect and that our current 
interest is the J-integral at the interior region, in the following analysis, no special finer 
mesh was used near the free surface. The J-integral obtained at the free surface was 
interpreted as rough average J-integral near the free surface.
4.3.5 J-Integral Evaluation for a Semi-Elliptical Surface Crack in a Slab 
The mesh models used in the convergency study have been shown being reliable to 
provide accurate results. Therefore, these meshes are used for the J-integral evaluation 
o f other slab thicknesses. Three slab thickness, H -80, 85 and 95 mm, are considered. 
For each slab thickness, four crack depths are evaluated for J-integrals, which include, 
a=15mm (c=40mm), a=25mm (c=65, 80mm), a=35mm (c=85, 120mm) and 55mm 
(c= 120mm). The J-integrals for the slabs with other thicknesses can be obtained
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by interpolating the J-integrals for the known slab thickness. The support conditions 
considered are: four-edge simply supported and two-edge simply supported.
The load used for most analyses is 5 kN, which is on a square o f 33 x 33mm, 
with a pressure o f  4.7 N/mm^. Modulus is E= 3000 MPa; Poisson's ratio is g  = 0.3. 
Since the problem is linear elastic, the results for other moduli and loads can be obtained 
from the results for the given condition using superposition theory.
For linear elastic materials, the stress intensity factor K can be directly derived 
from the J-integral. Therefore, the K values are also presented. All the analysis results 
are given in detail in Appendix C. Only the summarized results are given here.
Four Side Supported Slab with Distributed Load
Figure 4 23, 4.24 and 4.25 present the relationships between the J-integral at 0=7i/2 and 
crack depth, for the thickness 80 mm, 85 mm and 95 mm, respectively. Table 4.3 shows 
both results o f  J-integral and stress intensity factor. The stress intensity factor increases 
with crack depth at first, reaching the highest, then start deceasing with the crack depth.
To investigate the effect o f  the crack length (in the horizontal direction) on the 
distribution o f  J-integral along the crack front, a comparison study was conducted on the 
cracks with the same depth but different crack length. Figure 4.26 and 4.27 show the 
results o f a crack with depths o f  25 mm and 35 mm, respectively, for a slab o f 95 mm 
thick When the crack length increases from 65 mm to  80 mm for a crack depth o f 25 
mm, and from 80 mm to 120 mm for a crack depth o f 35 mm, the J-integral at 6=rt/2 
increases 8% - 9% for both cases.
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Table 4.3 The J-integrals and stress intensity factors K, at 0=tc/2, four side supported 
slab with distributed load

















40 15 43.600 0.379 34.500 0.337 21.301 0.265
65 25 56.300 0.431 40.100 0.364 26.249 0.294
85 35 52.500 0.416 38.500 0.356 25.997 0.293
100 55 23.800 0.280 24.300 0.283 21.435 0.266
Two Side Supported Slab with Distributed Load
The two supported sides were parallel to the crack surfaces. The distributed load was 
the same as that in the case o f  four-side-supported slab. Four cases o f  cracks such as 
a - 15 mm (c=40 mm), a=25 mm (c=65 mm), a=35 mm (c=80 mm) and a~55 mm (c=120 
mm) were investigated. Table 4.4 presents the results o f the J-integral and stress 
intensity factor. The J-integral at 0==ti/2 for the tw o edges supported slab is about 1.7- 
2.0 times higher than for the four-edge-supported slab.
Table 4.4 The J-integrals and stress intensity factors K, at 0=7t/2, two side supported slab 
with distributed load















(M Pa.m' ’ )
40 15 88 500 0.540 59.100 0.441 36.555 0.347
65 25 102.02 0.580 71.300 0.485 47.621 0.396
85 35 101.10 0.577 72.600 0.489 48.464 0.400
100 55 55.200 0.427 52.400 0.416 44.397 0.383
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4.4 Sum m ary
The semi-elliptical surface was recognized as a approximation to  a fatigue crack at the 
underside o f  a asphalt slab. A three dimensional FEM model was developed to evaluate 
the stress intensity factor for a type-1 loading. An alternative mesh scheme was 
proposed and compared with the traditional mech scheme. Comparison results show 
that the alternative mesh scheme has the same accuracy as that o f the traditional one, but 
can be created automatically with a special program. The FEM model developed here 
can be expanded to analyze the crack in pavements.
The analysis results show that the stress intensity factor o f a crack at the 
underside o f  a slab increases with crack depth and then decreases. Under the same load, 
the stress intensity factor for a two-edge supported slab is about 1.7-2.0 times higher 
than for the four-edge-supported slab.
The analysis results o f  the stress intensity factor was used to study the 
propagation rate o f  the fatigue crack in asphalt slab in Chapter 6. They can also be used 
for studying the crack propagation o f  other pavement materials (cement stabilized base)
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Fig. 4.23 Relationship between J-integral and crack depth, H=80 mm
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Fig. 4 .26 The eflfect o f  crack length on J-integral, H=95 mm
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Fig. 4.27 The effect o f crack length on J-integral, H=95 mm
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CHAPTER 5 
FATIGUE TEST ON ASPHALT SLABS
5.1 IN TRO D U CTIO N
Existing pavement fatigue crack prediction relationships are based on laboratory beam 
fatigue test results. As stated in Chapter 3, the major shortcoming o f this test is that it 
cannot simulate the crack initiation and propagation process in an asphalt layer because 
o f the difference in crack configuration between the two, and their dimensional cases.
The predicted pavement fatigue life may be different from the observed life by a factor o f 
20-200 (Brown 1987). In recent years, with the development o f full-scale accelerated 
pavement testing technology, more and more researchers have tended to establish fatigue 
relationships based on the data from these tests (Jameson et al 1992, Rauhut 1977). All 
these relationships are based on the phenomenological approach, where either critical 
strain or stress are used as criterion. Thus, these relationships are inevitably limited to 
conditions which are similar to  the testing condition. There are two major difficulties in 
using the fracture mechanics approach for this test type. First, it is extremely difficult to 
accurately evaluate the stress intensity factor for a crack at the underside o f  an asphalt 
layer. More importantly, the cracking process can not be accurately monitored because 
of the obvious reason that the cracks are at the underside o f the asphalt layer. The same 
problems exist with other laboratory based small scale accelerated loading fatigue tests.
A ideal laboratory model test which is used to evaluate crack development based 
on fracture mechanics approach has three features. First, it should develop embedded 
cracks under repeated loading, because this is the case in a cracked pavement (loannides
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1992). Second, fatigue cracks should be visually monitored. Finally, a accurate analysis 
o f  stress intensity factor for the cracked asphalt specimen should be possible for a 
reliable prediction o f  the crack growth rate In this study, a four edged supported 
asphalt slab test was selected to  these requirements.
The major objectives o f  the slab fatigue experiments were to:
Observe the development o f embedded cracks on the underside o f slab
Measure the permanent and elastic displacements on the top o f  slabs.
Define the crack initiation criterion.
Measure the crack propagation depth.
The fatigue tests were conducted in the laboratory on asphalt slabs taken from 
the full scale test pavements at the Louisiana Transportation Research Center Pavement 
Research Facility (LTRC-PRF). The slab fatigue tests were performed by a computer 
controlled hydraulic loading system. Fig 5 1, in the laboratory at Louisiana 
State University. In addition to the slab fatigue test, tests were also conducted, on the 
same machine, to measure resilient modulus and indirect tensile strength for cores taken 
from the same pavements, which are usually required for evaluating some existing 
fatigue relationships. Before a slab fatigue test was conducted, the tensile strain at the 
underside o f  the slab was measured with a strain gage system. The measured strain was 
compared with the predicted strain calculated from the measured displacement at the slab 
surface. Thus, the accuracy o f  the predicted strain, which was used in later chapter for 
characterizing the asphalt fatigue life, was evaluated.
This chapter includes a description o f  the tests, the results and discussion.
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1
Fig 5 1 A picture o f  the slab fatigue tests set-up
5.2 THE ASPHALT M ATERIAL AND SPECIM EN PREPARATION
The LTRC-PRF is a permanent, outdoor, full scale testing site, which is located on a six 
acre site in Port Allen, Louisiana. The construction o f  the pavements was completed in 
November, 1995.
The “Type 8" asphalt mix used for the test pavements is defined by the Louisiana 
Standard Specifications for Roads and Bridges (1992). The asphalt mix contains 11 
percent Arkansas granite fines; 65 percent C-1, a 13 mm nominal size crushed gravel; 
and 19 percent C-2, a 7 mm intermediate sized crushed gravel and 15 percent coarse 
sand. The optimum asphalt binder content is from 5.3 percent to 5.5 percent. The
98
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gradation o f  the mix aggregates is plotted in Fig. 5 .2, with the specification 
requirements. Table 5.1 shows the HMAC mix properties, which are the same for both 
the Binder course and Wearing course. The Gyratory Shear Index (GSI) is 0 99, 
indicating a stable mix. The asphalt binder meets PAC40-HG specifications and was 










Fig 5 2 The gradation o f  the mix aggregates
The asphalt pavement layers include a nominal 50 mm binder course and 40 mm
wearing course, which were laid on soil cement and aggregate bases. The in-place
densities are also given in Table 5 1
Figure 5.3 shows the LTRC-PRT pavements. The slabs, approximately 460 x
460 mm were cut from the pavements in September, 1997. Figure 5.4 shows the
process. The slabs were taken from lanes 6, 8, and 9. Lanes 6 and 8 have a 90 mm
asphalt layer and cement stabilized soil bases. Lane 9 has a 90 mm asphalt layer and a
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crush stone base. The slabs taken from the soil cement base pavements had a smooth 
interface, while that from the aggregate base pavements had a rough interface which was 
stuck to  a layer o f  aggregates. A steel brush was used to clean these slab bottoms to 
make a smooth surface
Table 5 1 HMAC mix properties
Mix Formula Percent Passing
Sieve Size Design Data Average Binder Data Average Wearing Data
19 mm 100 100 100
13 mm 98 99 99
9 mm 85 90 91
No.4 63 60 63
No. 10 41 40 43
No.40 23 22 24
No. 80 13 9 12
No. 200 5.2 5.1 5.9
Theoretical Gravity 2.43 - -
% AC 5.3 5.2 5.1
VFA 16.5 17.5 16.8
VMA 75 68 71
%  Voids 4.5 5,3 4.8
Marshall Stability 2200 1870 2300
Flow (mm) 11 9 10
Density(kg/m’) 2320 2210 2192
GSI 0.99 1.00 0.98
Afrer the asphalt slabs were moved to the laboratory, the thickness, length and 
weight were measured for each slab, and the density calculated. The results are 
summarized in Table 5.2.
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Fig. 5.3 Louisiana APT pavements
Fig. 5.4 Asphalt slab cutting
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5 6 80 485 486 46.25 2459
6 6 96 492 490 52.25 2258
7 6 86 508 504 50.25 2282
8 6 95 492 490 51.52 2250
9 6 94 491 490 51.25 2266
11 6 85 508 506 49.55 2268
13 8 100 490 490 52.62 2192
14 8 102 492 490 54.35 2210
16 8 95 495 490 50.89 2209
17 8 82 508 490 45.76 2242
18 8 93 506 492 51.70 2233
24 9 96 494 492 51 99 2228
25 9 101 495 493 54.89 2227
26 9 91 501 496 51.07 2258
27 9 92 497 490 50.07 2235
28 9 95 492 490 51.32 2241
29 9 88 508 496 49 84 2248
32 9 88 492 490 47.08 2219
The asphalt cores, which were tested for resilient modulus and indirect tensile 
strength, were also taken from the LTRC-PRF pavements. The cores, 200 mm in 
diameter, were taken from lanes 2, 6 and 10. Lanes 2 and 10, have a 90 mm asphalt 
layer over crushed stone and cement soil base, respectively. Each core as separated into 
two test specimen corresponding to the construction lifts.
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5.3 EXPERIM ENTS AND RESULTS
5.3.1 Resilient M odulus Test
The modulus tests were conducted following ASTM standard D 4123-82 “Standard Test 
Method for Indirect Tension Test for Resilient Modulus o f Bituminous Mixtures” 
(ASTM 1995), at a controlled temperature o f  25"C. Fig. 5.5 shows a set-up o f  the test. 
A vertical load o f  0 2 kN in the form o f a haversine waveform with a load duration o f  0 1 
seconds was used. The total loading duration per cycle was 1.0 second. One hundred 
conditioning loading cycles were applied before 5 testing pulses. The resilient modulus 
was calculated for each cycle from the measured horizontal deformation across the 
specimen. Table 5.3
Fig. 5.5 A picture o f  the resilient modulus test set-up
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2 50 BC 3108 2684 2535 2742 2401 2694 8.85
2 90 BC 3219 2851 2732 2980 2926 2942 5.50
2 90 WC 3721 3263 3514 3263 3585 3469 5.20
2 130 BC 2914 2861 2674 2861 2725 2807 3.25
2 130 WC 2663 2375 2332 2375 2237 2396 6.00
2 130 WC5 2501 2418 2340 2297 2418 2395 3.00
6 50 BC 3189 3417 3417 3319 3189 3306 3 10
6 90 BC 4158 3616 3849 3616 3528 3753 6.10
6 90 WC 5011 4295 4295 4025 3993 4324 8.48
6 130 BC 3329 3561 3454 3039 3097 3296 6.10
6 130 WC 3653 3348 3214 3035 3157 3282 6.43
6 130 WC5 2831 2797 2458 2503 2524 2623 6 10
10 50 BC 2203 2386 2435 2103 2203 2266 5.50
10 90 BC 4000 4000 4210 3636 4000 3969 4.67
10 90 WC 3604 3736 3424 3539 3475 3556 3.06
10 130 BC 2525 2434 2525 2266 2575 2465 4.56
10 130 WC 2235 2165 2123 1975 2014 2102 6 84
10 130 WC5 2439 2276 2159 2008 2092 2195 8.85
Note: BC=binder course, WC=wearing course, and WC5=additional wearing course. 
Load=0.2 kN, Temperature=25"C, ASTM D
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5.3.2 Indirect Tensile Strength Test
The indirect tension tests were also performed on the cores 100 mm diameter according 
to  ASTM D4123. The results are shown in Table 5.4.













2 2330 0.00193 12 2279 0.00182
3 1826 0.00177 13 2079 0.00187
4 1988 0.00185 14 2420 0.00165
5 2222 0.00183 15 2300 0.00184
6 1981 0 00104 16 2019 0 00124
7 2213 0.00182 17 1858 0.00172
8 2197 0.00204 18 2166 0.00194
9 2197 0.00140 19 2175 0.00160
10 2146 0.00185 20 2138 0.00175
1 1 2307 0.00218 21 2166 0.00206
Average 2141 0.00177 Average 2160 0.00175
Stdev 160 0.00032 Stdev 156 0.00022
5.3.3 Slab Fatigue Test 
Test Description
A slab supporting frame was made for holding the test slab. Fig. 5 6. A strip window 
was opened in the frame to allow observation o f the cracks. The four supporting bars on 
the frame make a square o f  195 x 195 mm. The slab sitting on the frame was modeled as 
a four-edge simply supported thick plate, since the thickness o f  the slabs was greater 
than 1/5 the slab length. To make a full contact between slabs and the supporting frame,
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a strip o f Portland cement /sand mortar was poured on the four rims o f  each slab, and 
then the frame was placed on the mortar strips to make four smooth channels. Fig. 5.7. 
The mortar stripe channels were cured with water for at least week before the slab was 
used for fatigue tests The load was applied to the center o f  the asphalt slab through a 
circular steel plate, 100 mm diameter.
It is desirable to  measure the maximum tensile strain at the underside o f the slabs 
during fatigue testing and to use the measured strain to characterize fatigue life 
Therefore, before the fatigue tests were conducted, an H-bar type strain gage was 
installed in the center o f  the underside o f  tw o asphalt slabs. Fig. 5 .8, to  measure the 
maximum tensile strain. The two slabs, A and B, were tested at three temperatures: 15, 
25 and 35 "C. Before the slabs were tested, they were kept in a temperature chamber at 







Fig 5 .8 H-Bar strain gage installed at the underside o f  a slab
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Fig, 5.6 The slab supporting frame
Fig, 5,7 The cement-sand mortar channels
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given in Table 5.5. The loading frequency was 5 Hz. The measured strains were used 
to evaluate the predicted strains back-calculated from the measured displacements, 
which were used to characterize the asphalt fatigue life. The measured strains at 
different temperatures were used to analyze the effect o f  tem perature on the strain








5 kN 7.5 kN 10 kN 12.5 kN 15 kN
A 92
15 2000 2000 1000 1000 1000
25 2000 2000 1000 1000 1000
35 2000 2000 1000 1000 1000
B 98 25 2000 2000 1000 1000 1000
Fatigue tests were conducted in controlled force loading mode. The loading 
frequency was 5 Hz, which corresponds to a vehicle speed o f  about 40 km/h. The load 
levels were selected based on the desired maximum tensile strain at the underside o f  the 
slab. The range o f the strains at which various fatigue tests were conducted were 
between 200 to 1000 microstrains ( Bergan 1973, Rauhut 1982). According to this 
range, four load levels o f  5, 7 5, 10 and 15 kN were chosen for the fatigue tests Based 
on the calculated relationship between strain and load for each slab thickness, which was 
obtained in Chapter 4, these four loads corresponded approximately to a strain range 
from 145 to  800 microstrains for the selected asphalt slabs, when a modulus o f  3000 
MPa was assumed. A test matrix is given in Table 5.6.
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Table 5.6 The slab fatigue test matrix
Test types
Cyclic load, 5 Hz
5 kN 7.5 kN 10 kN 15 kN
Slab number 13,14,16,17 25,27,29 12,24,26,32 18,28
The fatigue tests, except the two slabs for measuring the strains, were conducted 
at 25“C. The room tem perature was effectively constant except on several windy days 
During that period, the tem perature was maintained within ± l “C by a heater.
Displacement o f  the top surface o f  the slab was continually measured using two 
LVDTs, located 58 mm radially from the loading point. A slab with the supporting 
frame and the LVDTs set up on the loading machine is shown in Fig. 5.9. The data 
from the LVDTs and load cell are collected by a PC based data acquisition system.
Recording the development o f  cracks accurately was critical to this study. Since 
cracks develop in the underside o f  the slab, it was difficult to  observe the development 
o f  the cracks. Therefore, to  conveniently and accurately monitor the cracks, several 
rings o f  known radius were painted on the underside o f  each slab for reference
The crack patterns were monitored during the fatigue testing. They were 
recorded manually at selected loading cycle intervals using a reference paper with rings 
o f  known radius on it. Fig. 5.10. For comparison with previous results, the crack length 
was defined as the crack length per unit area. The crack width was measured by a feeler 
gage and recorded consistently for one major crack only during the test The crack 
depth in slab thickness direction could not be measured during the test; it was measured 
only by postmortem after the tests finished.
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Fig. 5.10 The definition o f  crack length and crack width
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The measurement procedure o f  the crack depth was as follows. Red dye was 
continuously poured into the cracks until the dye did not penetrate, then the slabs were 
dried for a couple o f hours and split into two parts from the location o f the major crack 
The crack depth was observed and measured from the dyed crack surface. Fig. 5.11.
Fig. 5.11 The crack surfaces when the slab was split
The failure criteria was originally defined as the crack propagating to the asphalt 
slab surface. However, the fatigue tests showed that there were no cracks found at 
surface even when there was a considerable permanent deformation Therefore, the 
permanent deformation was used to detennine the limit o f  the fatigue tests 
Fatigue Test Results
The strain curves for slab A at 25 ”C are shown in Fig 5.12. O ther measured results are 
similar to Fig 5.12. The maximum tensile strains are summarized in Table 5.7 and also 
plotted in Fig 5.13. Figure 5.13 shows that the measured strain is in a linear
111
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Fig. 5.12 The measured strain curves for slab A at 25 "C
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Fig 5.13 The relationship between measured maximum strains and loads
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relationship with load, except for the slab A at 35 °C, where cracking was observed at a 
load o f  10, 12.5 and 15 kN. After cracks were observed, the strain still increased with 
load (but not linearly) until it reached a maximum, after which it decreased with the 
increase o f  load. This phenomena indicated that the strain signal from the gage did not 
necessarily increase with the crack development as concluded by many researchers 
(Groenendijk et al 1994)
The measured tensile strains were compared with the strains predicted from the 
measured displacement at the slab surface. Table 5.7. The predicted strain was 
calculated using the back-calculated modulus from measured recoverable deformation 
The measured and predicted results are reasonably close to  each other, before cracks are 
observed. Therefore, in the following fatigue tests, the slab displacement instead o f 
strain is measured and the tensile strain and stress are predicted from the measured 
displacement.
Cracking at the underside o f  slabs was in a “spider"pattem. Fig. 5.14, At the 
crack initiation stage, cracks were few and hairline wide; then the hairline cracks 
widened and formed macro-cracks. Most cracks were in the radial direction. Among 
these cracks, there were normally one or tw o dominant cracks, the width o f which 
increased at a greater rate with the loading cycles. The maximum crack width was 
measured at a fixed position on the one o f  the two dominant cracks. The total length 
was calculated from the crack maps recorded during the test. Fig. 5.15, 5 16 and 5 17 
show the development o f  crack width and length for slabs 14, 25, and 32, which were at 
loads o f  5, 7.25, and 10 kN. Ail the results are given in Appendix D. The relationship
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between crack width and the number o f  loading cycles approximately follows a 
exponential function. However, the relationship between crack length and the number 
o f  loading cycles does not follow the same trend.
Table 5.7 M easured strain at different loads and tem peratures (microstrain)
Slab No. and Temperature Slab B, 25 "C Slab A, 15"C Slab A, 25 "C Slab A, 35 ”C
5.0 kN
Measured 186 115 221 465
Predicted 201 - 232 -
7.5 kN
Measured 262 170 327 667
Predicted 292 - 342 -
10 kN
Measured 368 230 432 768
Predicted 391 - 458 -
12.5 kN
Measured 460 290 543 998
Predicted 490 - 568 -
15 kN
Measured 557 354 651 915
— Predigte.d— 589 - 690 -
Fig 5.18- 5 20 are typical results, showing the elastic and accumulated 
permanent deformation for the slabs 14, 25 and 32, at 5, 7.25, and 10 kN. All the 
results are given in Appendix D. At low load levels, 5 and 7.25 kN, the elastic 
deformation was almost unchanged in a long period o f  loading cycles, although over this 
period the total crack length became large. However, the increase in elastic deformation 
was effected by the crack width. Fig 5.21. With the increase in crack width, the 
deformation also increased, meaning that the modulus was reducing At different load 
levels, the increasing rate o f  deformation with crack opening was different. The elastic 
deformation increased faster at low load levels than at higher loads.
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Fig. 5 .14 The picture o f  a typical crack pattern
No . 14. Load=5 kN.
M ax tensile strcss=<).54 MPa
y = 0.049e'
R‘ = 0  9815
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A Crack length (in) 
■ Crack width (non) 
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N umber o f  bading cycles (x 10 )
Fig. 5 .15 Development o f  crack width and length, slab No. 14
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N o.25, Load=7 25 kN. 
M ax  tensile  strcss= 0 .80  MPa
3.2E
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Fig. 5 .16 Development o f crack width and length, slab No. 25
No. 32, Load=10 kN, 
M ax. tensile stress=1.48 M Pa
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Fig 5 17 Development o f  crack width and length, slab No 32
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Slab 14. Load=5kN 
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Fig 5.19 Typical results showing the elastic and permanent deformation, slab 25
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The loading cycles corresponding to the first visible crack and the termination o f  
the loading were recorded for each individual slab The crack depth was also measured 
when the loading was terminated. The results are given in Table 5.8. The results show 
that there is a statistical relationship between the crack width and depth. Fig 5.22
The major cracks in the slabs at low load levels had relatively small depths when 
the test was terminated because o f  the large permanent deformation observed The large 
permanent deformation made some o f  the slabs unstable under repeated loading. In 
addition, the further test o f  the slabs with large permanent deformation could not 
realistically simulate the real deformation condition o f asphalt layer in pavements, where 
the permanent flexural deformation o f  asphalt layer is limited due to the support o f  bases 
and subbase. Since the crack propagation stage was not fully experienced in these slabs, 
fatigue tests were conducted on three more slabs with crack initiative notches 10 mm 
deep at 5, 5 and 7.25 kN, respectively. These results are also given in Table 5.8. They 
were used, with the previous results, to determine the fracture properties o f  asphalt as 
detailed in Chapter 6.
The crack size which differentiates the initiation and propagation stages is 
critical. Since asphalt is a multi-phase material, a crack o f very small size does not have 
practical meaning. Evaluation o f the stress intensity factor o f  a crack o f very small 
depth is also very difficult. Therefore, the initiation crack was defined as a crack 15 
mm wide. The corresponding crack depth was considered as the initiation crack depth 
Co for crack propagation. The stage before any crack was visible and the width 
developed to i .5 mm, is defined as the crack initiation process. To determine the crack
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Crack |  
depth 1 
(mm)
13 5 100 126 1968 0.023 2035 12.7 1.5 6,5
14 5 102 100 2150 0.024 2188 5.5 1,8 7,5
17 5 82 108 797 0.036 840 7.1 1,8 8,0
16 5 95 140 2232 0.027 2669 6.2 2,3 12,5
50* 5 95 - - 0.030 4500 - - 64,5
52* 5 92 - - 0.038 3000 - - 59,2
27 7.25 92 99 897 0.043 1108 5.9 2,8 15,6
29 7.25 88 75 594 0.047 856 - 6.1 62,0
25 7.25 101 80 1263 0.035 1528 6.2 3.1 28,0
51* 7.25 95 - - 0.047 1200 - - 60,4
24 10 96 39 232 0.048 362 6,6 5,9 63,5
12 10 85 25 144 0.062 291 6.1 5,8 61,2
26 10 91 33 253 0.054 406 8 7 3.3 32,0 1
32 10 88 16 98 0,058 172 7 5.6 60,0
18 15 93 2 27 008 39 5.9 3.8 35,5
28 15 95 2 29 0.075 44 5.3 3.1 26,5
40** 15 95 2 31 - - - 1.5 6,5
41** 15 97 2 27 - - - 1.8 6,8
42** 15 98 2 34 - - - 1.5 6,6
43** 15 95 2 .-..29 . - - - 1,5 _ _ 6 J _
Note: * Slabs 50, 51 and 52 were tested for crack propagation from a 10 mm deep 
*♦ Slabs 40. 41, 42 and 42 were tested for determining the crack depth for a
notch initiation.
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Fig. 5.22 The relationship between crack width and depth 
depth corresponding to a crack width o f  1 5 mm, more fatigue tests at the load o f  15 kN 
were conducted. In these tests, the loading was terminated when the crack width o f  the 
observed major cracks increased to i .5 mm. Then, the crack depth was measured. The 
results are also given in Table 5.8. The results show that the average crack depth 
corresponding to a crack width o f  1 5 mm is 6.9 mm, which is close to the SHRP initial 
crack depth o f  7.5 mm.
5.4 DISCUSSION
5.4.1 Evaluation o f SHRP Crack initiation Model with Slab Test Results
The SHRP model for determining the number o f  load cycles to crack initiation was 
developed from the results o f  beam fatigue tests conducted under both constant stress 
and constant strain loading. This model currently is the only one which predicts fatigue 
crack initiation life for asphalt.
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The fracture properties o f asphalt material, C n, the original stiffness, E, the 
micro-crack density parameters, length o f  micro-crack, and the length distribution 
parameter, p, are determined based upon a micro-fracture fatigue model. Since the 
SHRP crack initiation model essentially a theoretical, based on many assumptions not 
verified by experimental tests, it should be validated using tests on some structural 
geometry other than the beam. Fatigue tests o f  asphalt slabs in this study provide a ideal 
opportunity for the validation o f  this model.
The SHRP equation developed from stress-controlled beam fatigue tests was as 
follows (Lytton et al 1993):
+ CT„ } { % A i r )
where, N, = number o f  load cycles to crack initiation; a„  = mean principal stress, psi, 
octahedral shear stress, psi; percent o f  AC = asphalt content; percent o f  Air voids 
= air voids content, percent; p  = Poisson s ratio; E = asphalt concrete modulus, psi; B„ = 
4.415936, b, = -5 421x10"^; bi = I II x 10 \  b, = -8.51796 x 10 "; b^ -  -0 838837; b, 
-  0.31483; b« = 3.089278; b, = -0 .114846; b, -  35,787,201; b , -  -12,144; b „  =
40.8396.
The SHRP ‘crack initiation’ was defined such that the micro-cracks grow to  
form a small crack 7.5 mm long.
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Based on back-calculated moduli, the mean principal stress and octahedral shear 
stress have been evaluated using the analysis results provided in Chapter 4, Table 5.10. 
These stresses were used in the SHRP model to calculate the crack initiation life for 
each slab. The predicted results and observed lives, which are for the first crack and 
initiation crack depth o f  6.9 mm, are shown in Fig. 5.23. The results differ substantially, 
especially for lower stress levels. However, the slopes o f  the SHRP equal line and the 
other two linear regression lines o f  observed life against SHRP life are very close. This 
finding suggests that the SHRP crack initiation life prediction equation should be 
adjusted by a factor before being applied to asphalt slabs
The inconsistency between the predicted results from the SHRP model and the 
slab test results can be attributed to the following factors First, the test conditions such 
as the sample configuration, loading mode and frequency, and temperature are different. 
M ost importantly, the model was not calibrated with physical measurements o f macro­
cracks. The establishment o f  the SHRP crack initiation model is based on the change o f 
dissipated energy. The assumption behind this model is that there is a relationship 
between the crack growth and the increase o f  the dissipated energy; in this model, the 
crack size, which corresponds to a defined point o f the dissipated energy curve, was 
selected as a criterion for the crack propagation process. In fact, the change o f 
dissipated energy does not necessarily correspond to the macro-cracks for a strain- 
controlled beam fatigue test. It is noted that the SHRP model was based on both strain- 
controlled and stress-controlled beam fatigue tests. Therefore, the definition o f  the 
initiation macro-crack o f 7.5 mm in length may not necessarily means a observable crack
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Table 5.9 Measured elastic displacement, back-calculated modulus, stresses at slab bases, 

















































13 5 100 0023 4.728 230 569 278 368 126101
14 5 102 0.022 4.682 198 541 264 350 100101
17 5 82 0.036 4.457 315 826 402 535 108001
16 5 95 0.027 4 560 250 640 313 414 140101
27 7.25 92 0.042 4 548 381 991 484 641 99351
29 7.25 88 0.046 4.466 410 1073 524 695 74901
25 7.25 101 0.035 4.386 302 804 394 520 80551
24 10 96 0.049 4.908 536 1252 612 810 39451
11 10 85 0.062 4 898 656 1566 763 1014 25201
26 10 91 0.054 4.985 594 1395 681 903 33401
32 10 88 0.058 4.939 625 1480 722 958 16101
18 15 93 0080 4 832 829 2007 980 1299 2151
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♦  Süib rcsuh. initialcnick 
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0
43 3.5 4.52 2.5
Fig.
Num ber o f  cycles from SHRP m odel, Log (N )
5.23 The comparison between SHRP crack initiation life and the slab life 
corresponding to the first crack and a crack with 1.5 mm width
at the beam bottom. As result, it is not surprising that the observed crack initial life 
from the slab test is even a hundred times the life predicted from the SHRP model.
5.4.2 The Relationship between Crack and Variation o f Asphalt Modulus 
Cracking is normally considered as a major factor to effect the change o f  structural 
condition, which is usually represented as a reduction o f asphalt modulus. There are 
many results showing the effect o f  cracking on the reduction o f  asphalt modulus. These 
results can be classified into tw o categories; from laboratory beam fatigue tests and, 
from FWD back-calculated modulus o f  pavement layers. In the following, the findings 
from the slab fatigue test results are compared with these results.
In order to evaluate the effect o f  cracks on the effective asphalt elastic modulus, 
the following ratios were defined:
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E r H tio = E („ /E , (5.2)
where = asphalt elastic modulus ratio,
E,n) = asphalt modulus after n loading cycles
E| = initial uncracked asphalt elastic modulus
N „,io=  n / n ,  (5 3)
Where = loading cycle ratio,
n = number o f  loading cycles associated with , and
n̂  = number o f  loading cycles to  I m/sq .m o f  cracking
The results normalized using the above ratios for all slabs are plotted in Fig.
5.24. It is observed that there is no consistent relationship between crack length and the 
variation o f elastic modulus. By the crack severity o f 1 m/sq. m, the modulus had 
decreased to about 80 % o f  the initial value for the slabs at high stress levels, while the 
modulus was unchanged for the slabs at low stress levels. These findings are not 
consistent with the results reported by Jameson et al (1992), Fig. 5.25, where the asphalt 
stiffness decreased to about 30% o f  its initial value when crack rate reaches I m/sq. m. 
Even when a crack severity o f  6 m/m ' is used, only two slabs at very high stress reached 
to 80 % o f  the initial values.
Laboratory testing o f  asphalt beams by Tam (1987) generated the data shown in 
Fig 5 .26, which relates the decrease in effective stiflftiess o f  the beam to the growth in
crack depth. His results showed that 50% reduction in stiflftiess can be expected for a
crack which is 10% o f  the layer thickness. However, for slabs 28 and 32 which were
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Fig. 5 .24 The relationship between crack rate and the deduction o f modulus
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Fig. 5.25 Variation in back-calculated asphalt stiffness with trafficking (Jameson 1992)
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Fig, 5 .26 The effect o f  crack depth on the stiffness reduction for beams (Tam, 1985)
loaded at 7 25 and 10 kN, respectively, only when the crack was 27 percent and 70 
percent o f  the slab thickness, was the modulus reduced to 50% o f the original values.
The reasons for inconsistency, between the slab results in this research and the 
previous beam test and FWD back-calculated modulus results in the relationship between 
cracks and modulus degradation may be as follows. First, the effect o f  cracks on the 
modulus o f  a beam and o f  a slab are different, because a beam and a slab are different 
structures. Second, the back-calculation o f  modulus for an asphalt layer is not reliable 
(Ullidtz 1990).
It can be shown that crack length, or crack length based severity, is not a proper 
parameter to indicate the structural capacity in terms o f modulus. A crack severity 
index, based on the crack length, is very superficial. The degree o f  influence o f crack
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depth on modulus depends on the specimen or pavements configurations. The conflicting 
conclusions drawn from APT tests or laboratory beam fatigue test may be caused by 
factors which are not, in fact, relevant to crack length, such as the different definitions 
o f crack initiation and the error caused by the back-calculation procedure.
5.4.3 Evaluation o f Field Measured Strains Based on Measured Strains o f Slabs 
In the last few decades, full-scale Accelerated Pavement Testing (APT) has been widely 
used in many countries including the United States (M etcalf 1996). The major objectives 
o f APT include identifying pavement distress mechanisms, improving performance 
models and validating strain/stress models For these goals, the tensile strain at the 
underside o f the asphalt layer is critical and almost all the APT research projects install 
gages in the pavement to monitor the change o f strain with loading. Because o f  the very 
complicated working conditions o f  the gages, the measured strain signals are often 
difficult to interpret and correlate with theoretical predictions. However, the results o f 
the strain measurement on the asphalt slabs in this research were very useful. In the 
following, we use the strain results measured in LINTRACK test pavements at Delft 
University o f  Technology, Netherlands (Groenendijk et al 1994), to discuss some o f the 
related issues. The results from LINTRACK are selected because the same H-bar type 
strain gages were used and the strain measurement technology is well established
The strains measured on the asphalt slabs show that, before the slab cracks, the 
measured tensile strain has a linear relationship with the load; when slabs crack, this 
linear relationship does not hold any longer. In other words, after the asphalt slab 
cracks, where the H-bar gage is located, the strain measured by the gage decreases
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Therefore, if  the test conditions are unchanged, the point where measured strain 
decreases can be considered as initiation o f  fatigue cracks at the underside o f  the asphalt 
layer. This conclusion is contrary to the conventionally accepted interpretation, in which 
a increase in measured strain is expected for the fatigue cracks (Groenendijk et al 1994) 
Fig 5 27 presents the measured strains o f  a typical strain gage at LINTRACK 
(Groenendijk et al 1994), which show that the maximum tensile strain gradually 
decreases with number o f  loading cycles. This measured strain behavior is closely similar 
to the that from the asphalt slab. However, this phenomena was at first considered 
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Fig. 5 27 The measured strain at LINTRACK (Groenendijk et al 1994)
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The measured strain is usually not consistent with the predicted value based on a 
linear elastic model and FWD deflection back-calculated moduli. The reason is mainly 
attributed to the visco-elastic properties o f  the asphalt material. However, the measured 
strain results from the asphalt slab do not seem to support this because, even at 35”C, the 
strain is also in a linear relationship with the load and, the measured strain is very close 
to the predicted results from a linear elastic model.
5.5 Summary
Laboratory fatigue tests were conducted on asphalt slabs, which were taken from LTRC- 
ALF experiment pavements. Strain, displacement, crack length and width were 
measured during the tests The crack depth was measured by postmortem after fatigue 
tests were terminated. The elastic displacements were used to back-calculate the moduli 
o f  the slabs, which was used for the determination o f  the maximum tensile stress/strain 
and the stress intensity factor in Chapter 6 later. The loading cycles, for defined crack 
initiation and propagation stages, were recorded to determine the asphalt fracture 
parameters with the corresponding stress intensity factor. The crack data were used to 
verily the SHRP crack initiation model. The impact o f cracking on the asphalt modulus 
was also studied and compared with the previous results The measured strain was 
compared with the strain measured from a experimental pavement.
From this experiment, the following conclusions can be drawn:
1. The crack initiation life obtained from this study is much higher than that predicted 
from SHRP crack initiation model (Fig. 5 .23). However, the logarithm o f the former can 
be obtained by multiplying logarithm o f  the later by a factor.
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2. The impact degree o f cracking on the asphalt modulus depends on the specimen 
configuration. The effect o f  cracking on modulus reduction for asphalt slabs was much 
less than that for beams. Failure criteria, based on the same modulus estimates, may be 
different for a beam and pavement.
3. The crack length (in the horizontal direction) is a minor factor effecting asphalt 
modulus This means that the conventional use o f cracking rate based on crack length 
may not be a efficient index to define pavement fatigue failure.
4. The measured strain from a H-Bar gage, at the underside o f  a asphalt slab, decreases 
when the slab cracks. This finding is contrary to the conventional explanation o f  the 
relationship between the measured strain and cracking. The measured strain is linear to 
load before the slab cracks.
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CHAPTER 6.
ASPHALT FATIGUE CRACK PREDICTION RELATIONSHIPS
In Chapter 4, an analysis o f  stress and stress intensity factors for slabs o f  given 
dimensions was conducted. In Chapter 5, the results o f  fatigue tests on asphalt slabs 
were reported. For each slab, the number o f  loading cycles for crack initiation and the 
propagation stage to  a maximum deformation greater than 5 mm, were obtained. The 
crack initiation stage was defined as the period during which micro-cracks initiated and 
developed into a macro-crack 6.9 mm deep. The rest o f  the test period was described as 
a crack propagation stage for which the initial crack depth was defined as 6.9 mm. For 
each tested slab, the critical stress/strain can be evaluated for the crack initiation stage, in 
which the asphalt is considered to be homogeneous, non-defected and linear elastic. For 
the cracked slab in the crack propagation stage, the stress intensity factor can be 
evaluated for a specific crack depth. With these data available, the crack initiation and 
propagation relationships are developed by different approaches
As stated earlier, in the crack initiation stage, cracks were mainly in micro-level 
and the crack size in the same or smaller order than that o f  the asphalt components 
(aggregates). In this stage, a fracture mechanics approach (LEFM), which is currently 
available, does not apply. However, the phenomenological approach based on critical 
stress or strain, is suitable. In the crack propagation stage, the macro-crack becomes a 
dominant factor affecting the failure process; a fracture mechanics approach is used and 
the fracture parameters C and n are determined. This chapter presents the relationships 
for crack initiation and propagation stages.
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6.1 THE CRACK  INITIATION RELATIONSHIP
The measured elastic deformation and the 3-D FEM model was used to back-calculate 
the elastic modulus for each asphalt slab. Then the critical stresses and strains at the 
underside o f  the slab were calculated using the back-calculated moduli for each specific 
slab The results were presented in Table 5.9 The loading cycles for a crack growing to
6.9 mm deep were presented in Table 5.8. The data necessary for establishing the crack 
initiation relationships are summarized in Table 6.1.
The relationship between critical tensile stress and loading cycles for the initial crack is 
established. Fig 6.1, which is given as follows:
Log (N) = -0 .0012o+  7.1006, R* -  0 9465 (6 1)
where, a  is the maximum normal tensile stress at the underside o f  the slab, kPa.
The crack initiation life model, in the term o f  maximum tensile strain, is shown in 
Fig.6.2 and expressed in the equation:
Log (N) = -0 .0112e+ 7.3009, -  0.9683 (6.2)
where, c is the maximum normal tensile strain at the bottom o f  the slab, microstrain.
In SHRP crack initiation model, the asphalt fatigue life is related to  two stresses, 
such as mean stress and octahedral shear stress. The fatigue initiation life relationship 
was therefore estimated in the form o f  SHRP model as follows:
Log(N)= 0.506cr̂  + 0.0017cr̂  ̂- \ 7.04
- - 0 0 0 2 9 ,_, 2 R' =0 98 (6.3)
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Cycles for a 
crack depth o f 
6.9 mm(xlOOO)
13 230 569 278 368 1968
14 198 540 265 350 2150
17 315 826 402 535 797
16 250 640 313 414 2232
27 381 991 484 641 897
29 410 1073 524 695 594
25 302 804 394 520 1263
24 536 1252 612 810 232
12 656 1566 763 1014 144
26 594 1395 681 903 253
32 625 1480 722 958 98
18 829 2007 980 1299 27
28 809 1920 939 1243 29
Although this formula is more reasonable, in the sense that the octahedral shear 
stress is theoretically more related to material failure than tensile stress, it does not show 
any significantly better correction. Therefore, from the statistical point o f view, it has no 
advantage over the simple equation (6 1 ).
Laboratory beam fatigue tests o f  asphalt concrete shown that the asphalt fatigue 
life is much affected by the asphalt modulus. However, with the limitation o f  time and 
the difficulty o f  preparing large numbers o f  the slab samples, the asphalt modulus (or test 
temperature) is not considered as a factorial in this study. Further study is needed
135










♦ First Crack |
■ Crack dcpth=6.9 m n
! ’ ■ ■ ■
Linear (First Crack ) j 
Linear (Crack dept h=6.9 itm) !
................................  - ........ i.og(N) -O .o d tix  • 7.t6()6
- * ^  R: ■ 0 9465
" -
’ *l.og(N) -0 0017x • 6.6708 ♦  "
R: 0.9752 .
♦  ♦
0 500 1000 1500
Tensile stress (KPa)
2000 2500
Fig 6.1 The relationships between the maximum tensile stress and crack initiation lives
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Fig. 6.2 The relationships between the maximum tensile strain and crack initiation lives
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6.2 T H E  C R A C K  PR O PA G A TIO N  R EL A T IO N SH IP
The crack propagation model is based on Paris (1963) given by
do 1 /  do
- - C K " o r N = - l -  ,6  4 ,
where:
N = number o f  loading cycles to  propagate a crack o f  initial depth a  ̂to the
defined ultimate depth 
Of = the defined ultimate crack depth, which is normally the asphalt layer
thickness.
Cg = initial crack depth, which has been defined as 6.9 mm 
K = stress intensity factor 
C , n = fracture parameters
The data o f  the crack propagation test is presented in Table 6.2. To determine 
both o f  the parameters C  and n, we have to determine the relationship between the crack 
growth rate da/dN  and a fixed stress intensity factor K. However, from the previous J- 
integral analysis, we know that K varies when the crack depth increases from Cg to ĉ . 
Therefore, an average K, over Cg to c, was first used to detennine the average 
parameters C  and n It was believed that this averaging would not cause a significant 
error because the variance o f  K with the crack depth for each load level was smaller than 
the change o f  K values with different loads (5, 7.25, 10 and 15 kN). Then the second 
form o f  formula 6 4 was used to obtain the parameter C  using the measured Cg, Cf and K
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Table 6 .2 Average stress intensity factors and crack propagation depths










mm 1/2) dc/dN log (K) log(d c/d N )|
16 5 95 2668801 2232469 436332 5.5 8.84 1.26E-05 0.946 -4.899
27 7.25 92 1108002 896664 211338 8.6 19 44 4.07E-05 1.289 -4.390
29 7.25 88 856002 593616 262386 18.6 20.91 7.09E-05 1.320 -4.149
25 7.25 101 1528002 1263315 264687 21.0 17.54 7.93E-05 1.244 -4.101
24 10 96 361751 232029 129722 25.0 34.92 1.93E-04 1.543 -3.715
11 10 85 291101 144075 147026 28.5 42.37 1.94E-04 1.627 -3.713
26 10 91 406401 253347 153054 53.0 37.61 3.46E-04 1.575 -3.461
32 10 88 172001 98002 73999 54.2 39.79 7.32E-04 1 600 -3.135
18 15 93 39001 26913 12088 56.5 81.89 4.67E-03 1.913 -2.330
28 15 95 44351 28985 15366 55.0 79.55 3.58E-03 1.901 -2.446
50* 5 95 - - 4500000 54.5 8.84 1.21E-05 0.946 -4.917
51* 7.25 95 - - 1200000 50.4 18 58 4.20E-05 1.269 -4.377
52* 5 92 - - 3000000 49.2 9.24 1.64E-05 0.966 -4.785
Note: Slabs 50, 51 and 52 were tested for crack propagation and the depth o f  notches was 10 mm.
function o f  crack depth. The plot o f  dc/dN  against K is given in Fig. 6.3. The 
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Fig 6.3 the relationship between crack growth rate dc/dN and stress intensity factor
Molenaar ( 1983) developed two relationships between the parameter C  and other 
material properties, tensile strength stiffness and, n as follows: 
lo g C  -  0.977 + 1.628 n
log  C  = 4  3 8 9 - 2 .5 2  l o g (7, M 
where:
o, = Indirect tensile strength o f  the asphalt material, MPa.












































K(MPa. m '-) Integral C(n=2.51)
16 5 95 436332 5 50 K = -7.61E.05c' + 5.30E-03C + 2.04E-01 0.03148 7.214E-08
SO* 5 95 4500000 54.5 K = -7.61E-05C' + 5.30E-03C + 2.04E-01 0.23963 5.325E-08
52* 5 92 3000000 49.2 K -  -6 55E-05C- + 4.28E-03c + 2.37E-01 0,18579 6 193E-08
27 7.25 92 211338 8.60 K = -6.55E-05C- + 4.28E-03c + 2.37E-01 0.00583 2.757E-08
29 7.25 88 262386 18.6 K = -8.32E-05C- + 4.98E-03c + 2 59E-01 0,00909 3.463E-08
25 7.25 101 264687 21.0 K = -1.57E-04c’ + 1.12E-02C+ l.OlE-01 0.02172 8.205E-08
51* 7.25 95 1200000 50.4 K -  -7.61E.05c' + 5 30E-03C + 2.04E-01 0.03362 2.801E-08
24 10 96 129722 25.0 K -  -8.38E-05C' + 5.90E-03c + 1.91E-01 0.00367 2.831E-08 1
11 10 85 147026 28.5 K = -1.20E-04C- + 7.04E-03C + 2.60E-01 0.00220 1.494E-08 j
26 10 91 153054 53.0 K = -6.65E-05C' + 4.24E-03c + 2.44E-01 0.00610 3.984E-08
32 10 88 73999 54.2 K = -8.32E-05C-+ 4.98E-03c + 2.59E-01 0.00554 7.483E-08
18 15 93 12088 56 5 K = -6.67E-05C' + 4.47E-03c + 2.27E-01 0.00761 6.294E-07
28 15 95 15366 55.0 K = -7.61E-05C- + 5 30E-03C + 2.04E-01 0.00751 4.888E-07
Avg. 1.258E-07
Stdev. 1.955E-07
The parameter C  determined from the above relationships and obtained by other 
investigators are compared with the value determined from the slab tests in Table 6.4.
Table 6.4 Comparison o f  C  and n results from different researchers
This research M olenaar (1983) (6 5)
Molenaar (1983) 
(6.6) Jacobs(1995)
2.51,4 .20E -8 2.51, 8.75E-6 2.51, 6.03E-7 -
4.55, 2.77E-10* - - 4.55, 6.89E-8 **
Note:* does not include the results for loads o f  15 kN; ** the results o f  a group o f 
typical tests.
Table 6.4 shows that the differences o f  the crack propagation parameters C and 
n between this research and other investigators are significant. Take an asphalt slab o f 
95 mm thick under 7.25 kN, for example, for a crack propagating from a initial crack o f
6.9 mm to  50mm, the predicted loading cycles are 589167, 9858, 41037 and 1064 from 
the proposed model, M olenaar and Jacobs, respectively. The fatigue life predicted by the 
proposed model is much higher.
In summary, the crack propagation parameters, C  and n, in the model (6 4) 
determined from slab are significantly different from beam fatigue test. The fatigue life 
predicted from slab parameters was up to 500 times more than that predicted from beam 
fatigue tests. This shows that the crack propagation parameters o f  asphalt concrete are 
strongly dependent on the configuration o f  the specimen
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CHAPTER 7.
ASPHALT PAVEM ENT FATIGUE PERFORM ANCE PREDICTION
7.1 INTRODUCTION
In chapters 4 and 6, crack initiation and crack propagation models were established, 
based on fatigue tests on asphalt slabs cut from the Louisiana LTRC APT test 
pavements. In this chapter, these models are used to predict the fatigue life o f  the 
pavements. The first LTRC APT experiment tested nine pavements classified into two 
groups; first pavements with soil cement bases, second crushed limestone base 
pavements. The scope o f the experiment was “to compare the performance o f  nine base 
courses under accelerated loading to failure.” Since the pavement performance and 
loading conditions were fully monitored, the test data provide a excellent opportunity to 
verify the proposed fatigue models
7.2 TEST DESCRIPTION
7.2.1 Configurations o f Test Pavements
The LTRC Pavement Research Facility, located in Port Allen across the Mississippi 
River from Baton Rouge, is a 2.43 hectare reserve within which an embankment, 65 x 40 
m, was constructed to a height o f  about 1.5 m above natural ground to form a permanent 
platform for the construction o f  a series o f  test pavements. The embankment, built o f  a 
selected silty soil (A7), raises the pavements above the level o f  minor flooding Nine 
pavement lanes were built on the embankment, o f  which six lanes have soil-cement 
bases. The configurations o f these pavements are given in Table 7 1. The results o f 
laboratory strength and modulus tests on the soil cement mixes are given in Table 7.2.
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Table 7.1 Configurations o f  test lanes
Lanes Pavement structure (mm)
2 89 AC, 216 stone over Fabric over 89 select soil
3 89 AC, 132 stone over Grid & Fabric over 165 select soil
4 89 AC, 102 stone over 152 stone stabilized soil over 51 select soil
5 89 AC, 216 (10%) plant mix soil cement over 89 select soil
6 89 AC, 216 (4%) plant mix soil cement over 89 select soil
7 89 AC, 216 (4%) plant mix soil cement w/fiber over 89 select soil
8 89 AC, 216 (10%) in-place mix soil cement over 89 select soil
9 89 AC, 102 stone, 153 (10% ) in-place soil cement over 51 select soil soil
10 89 AC, 305 (4%) plant mix soil cement _________________
Table 7.2 Laboratory compressive strength and resilient modulus for soil cement


























28 days 1.95 1.13 1 64 2.36 2.40 1.49








7 days 1.92 0.76 0.96 1 67 2.35 0 98
28 days 2.50 1.12 1.23 2.32 3.00 1.35
56 days 3.25 1.01 1.52 - - 1.52
95%
compact.
7 days - - - 0.98 1.47 -
28 days 1 92 0.59 0.88 1.43 2.05 0 78
56 days 2.08 0.92 1.08 - - 0.96
The stabilized base pavements formed two groups In the first, lanes 5, 6, and 7 
were built following proposed new construction procedures, which requires pug-mill 
blending (plant mixing) o f  the soils and cement. The study compared the relative
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performance o f  a plant mixed soil cement (10% ) base (lane 5) with that o f  a soil cement 
(4%) base (lane 6) and o f a soil cement (4% ) base designed with 0.02%  by weight 
fibrillated polypropylene fiber reinforcement (lane 7). All bases were 216 mm thick. The 
fibers were donated and manufactured by Synthetic Industries, 4019 Industry Drive, 
Chattanooga, TN 37416
The second group, lanes 8, 9, and 10, compared the relative performance o f  a 
control pavement and two alternative base. The control section, lane 8, had 216 mm o f 
in-place stabilized soil cement (10% ) base. Lane 10 was a thicker (305 mm) reduced 
cement content (4%), plant mixed soil cement base. Lane 9 was an “inverted” pavement, 
with a 153 mm soil cement ( 10%) subbase under a 102 mm layer o f  crushed stone. This 
experiment explored the rationale o f  overcoming potential problems associated with 
reducing soil cement base strength by increasing its thickness, as is implied in the 
AASHTO Pavement Design Procedure
Lane 9 had a crushed stone crack relief layer placed between the base and the 
surfacing. This pavement structure has been tried only once in Louisiana. It was 
believed that shrinkage, environmental, and loading induced movements o f  the cracked 
soil cement would be intercepted and inhibited from propagating through the asphalt 
layers by the stone interlayer 
7.2.2 A L F Loading
The ALF is a transportable linear full-scale accelerated loading facility which imposes a 
rolling wheel load on a 12 m test length o f  pavement. Loading is in one direction only, 
at a constant speed o f  17 km/h, applied through a standard dual tire truck wheel capable
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o f loads between 43 kN and 85 kN. The tire pressure is 724 kPa. The loading passes are 
applied in a normal transverse distribution over a trafficked width o f l . 1 m. ALF is able 
to traffic a test pavement at up to 8,100 wheel passes per day; however, loading is 
reported as ESALs by adjusting the number o f  passes at a specific wheel load by the 
forth power law,
7.3 TE ST S AND RESU LTS
7.3.1 Pavem ent Perform ance M onitoring
Routine pavement performance monitoring at the site included periodic measurement o f 
cracking, profile, slope variance. Falling Weight Deflectmeter (FWD) deflection, strain at 
the bottom  o f asphalt layer, and compressive pressure at the top o f subgrade. At the 
same time, temperature and water table were recorded. For this study, only cracking, 
rutting and FWD data were considered. Full data o f  the LTRC-ALF experiment were 
given in the final report (M etcalf et al 1999).
Surface cracking was recorded by sketching in relation to a coordinate grid 1.8 
by 2.4 m with cross wires at 300 mm intervals The crack patterns were drawn by hand 
on graph paper.
For the evaluation o f pavement crack severities, the crack rate was defined as the 
crack length in meter per square meter. The square meter area o f pavement was defined 
as the meter-long interval centered on each section point and extending half a meter each 
side transversely, as shown in Fig 7 1. The reported cracking severity therefore was 
related to the trafficked area rather than the entire lane. For the purpose o f 
classification, cracks were also be recorded in terms o f  AASHTO Class 1, 2, and 3
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Direction of loading
Station
—  ♦  —
Cracking
Fig. 7.1. Definition o f  cracking severity 
cracking ( 1962), in which Class 2 cracking is defined as cracking which has developed to 
form a pattern o f  blocks, equivalent to a cracking severity o f  5-10 m/m’.
Surface deflections were measured every 25,000 passes with FW874 Model 
FWD. The deflections were measured with geophone positions similar to the 
configuration recommended in the SHRP Manual ( 1993). FWD tests were conducted on 
the centerline o f  the loading path o f  each test section, at 11 stations at intervals o f 1 5 m.
7.3.2 Failure Condition
A rut o f  25 mm at the surface and/or 50 percent o f the trafficked area with cracking 
more than 5 m/m’ was selected as the initial failure criterion. A significant reduction in 
base course modulus was also regarded as a indication o f  failure condition. Trafficking 
was stopped when these individual limits were approached or when it was judged, that in 
LDOTD practice, the pavement would be rehabilitated.
7.3.3 Cracking
The development o f  cracking in terms o f  average crack rate and AASHTO Class 2 and 3 
severities over the lane length, is given in Fig 7.2 and 7.3. The crack deterioration rate
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Fig. 7.3 Development o f  AASHTO Class 2 and 3 cracking
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o f lane 9 was much slower and the crack pattern different from that o f  lanes 5, 6, 7, and 
8. Figure 7.4 shows the typical cracks on the surface o f  lane 9. The cracks o f  lanes 5-8 
shared the same pattern. Fig 7.5 Post mortem trenches and coring after loading was 
completed, showed that the surface cracks on lane 9 were less than 20 mm deep and, no 
Class 2 and 3 cracks developed. Furthermore, no crack was found at the bottom o f  the 
asphalt layer. Severe block cracking developed on lanes 5-8. These cracks went 
through the whole asphalt layer and the two lifts o f  asphalt were totally separated. The 
pattern o f  cracking in lane 10 took an exceptional form, where premature failure 
occurred locally. Pumping was evident in lanes 5, 6, 7, 8, and 10.
7.3.4 Deflection/M odulus
Pavement surface deflections were measured by FWD methods. The testing schedule 
followed the operating intervals o f  the ALF loading, as determined by the performance 
o f the pavements
The measurements were performed on the centerline o f  the loading path o f each 
pavement test section, at 11 stations disposed at intervals o f  1.5 m along the centerline. 
For each station, after one settling drop at load level 1-13 3 kN for which the deflection 
values is not recorded, four sets o f  five recorded drops are performed, corresponding to 
the four load levels, 13.3, 26.7, 40 and 62.3 kN Among the total twenty deflection 
bowls recorded for each station, only the two last bowls corresponding to the 40 kN 
load level are considered in the back-calculation analysis. Back-calculation o f  the 
resilient modulus o f  the pavement layers is calculated using the MODULUS 4.0 back- 
calculation program ( 1992). Deflection-temperature data were used to correct the
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Fig. 7.4 Crack pattern o f  lane 9 (ESALs~ 1,250,000)
Fig. 7.5 Crack pattern o f  lane 6 (ESA Ls=210,000)
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back-calculated moduli at different temperatures to  the moduli at 68*^. The back- 
calculated moduli o f  pavement layers for initial condition are given in Table 7 3, with the 
maximum tensile strain at the underside o f  asphalt layer calculated from these moduli.













2 3.5 8.5 564.82 12.16 5.27 2863
3 3.5 5.0 - - - -
4 3.5 10.0 - - - -
5 3.5 8.5 862.15 19.79 7.94 2870
6 3.5 8.5 499.46 12.76 5.73 2695
7 3 5 8.5 452.00 12.00 7.21 2317
8 3.5 8.5 890.00 51.21 7.60 1722
9 3.5 4.0 1125.30 18.52 90.96 2145
10 3.5 12.0 801.95 71 26 11.08 1295
7.3.5 Failure Modes
Coring and post mortem trench excavation showed several interesting features on lanes 
5, 6, 7, and 10. There was clearly evident loss o f bond between the two lifts o f  asphalt 
layer with loading. A typical core taken from lane 6 is given in Fig 7 6, showing the 
separation o f tw o lifts and the crack going through all thickness.
There was evidence o f  cracking at the base o f  the asphalt in all the lanes except 
lane 9. It was observed that there was a clear relation between cracking in the asphalt 
and (shrinkage) cracking in the cement stabilized bases o f  lanes 8.
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Fig. 7.6 Separation o f  the two lifts o f  asphalt layer
Although heavy pumping and loss o f  fine material was observed during loading, 
there was no clear evidence showing the loss o f  bond between asphalt and soil cement 
layers. However, the presence o f  free w ater at the interfaces and a soft layer on top o f 
the soil cement was clearly observed on excavation. During the ALF loading, twenty 
asphalt slabs 200x 200 mm square were cut into the untrafficked parts o f  lanes 5, 6, and 
7 A  known load was applied on top o f the slabs and a horizontal force was applied on 
one side o f  the slab by a loading device The results showed that the shearing failure 
surface occurred about 20mm below the bottom  o f asphalt layer instead o f at the 
immediate interface o f  asphalt and soil cement layer. This was consistent with the 
postmortem observations.
The existence o f the soft soil cement layer, when free water was available, may 
greatly affect the tensile strain at the bottom  o f  the asphalt and, therefore, the pavement
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fatigue life. An analysis on lane 5, which was assumed have a 20 mm soft layer on the 
top o f  soil cement layer, was conducted with the result in Fig. 7.7. In the figure, the strain 
ratio and life ratio were defined as the ratios o f  the asphalt bottom strain and the 
corresponding fatigue life o f  the pavement with a soft layer to  that o f the pavement 
w ithout the soft layer. The pavement fatigue life was predicted by the Asphalt Institute 
relationship (Shook, et al 1987). It can be seen that the existence o f a soft layer with a 
modulus o f 700 KPa, may cause the strain increase to i .3 times o f that o f  pavement 
without a soft layer, while the pavement life decreased more than half With the modulus 
o f  this soft layer varying from 700 KPa to  70 KPa, strain can increase 1.3 times and 




0 2 3 64 5 7 8
M odulus o fth e  soft b y er  (M Pa)
Fig. 7 7 The effect o f  the soft layer on the tensile strain o f  asphalt layer
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It is widely believed that load-associated cracks initiate at the bottom  o f asphalt 
layer, where tensile strain is highest, and propagate upward to the surface (Lytton 1993). 
This statement is supported by the behavior o f  lanes 5-8 and 10. However, the behavior 
o f  lane 9 is contrary; all cores taken from lane 9 at the surface crack locations showed 
that the cracks initiated at the surface and were less than 25mm deep when cracking 
reaching the failure criteria 5 m/m^. On these cores there were no cracks observed at the 
bottom. Furthermore, postmortem examination o f this lane did not show any cracks at 
the bottom o f the asphalt layer The tests o f  lane 2, which had a crushed stone base, also 
showed cracks initiating at the surface, not at the bottom o f  the asphalt.
Asphalt slabs (200 x 200 mm) had also been cut on both trafficked and 
untrafficked areas o f  lane 9 to  investigate the bond conditions between the asphalt and 
crushed stone layers. There was no clear separation between the layers when the slabs 
were lifted up. Instead, there was crushed stone as thick as 50 mm strongly stuck on the 
bottom  face o f the asphalt, forming a transition layer. It can be considered that this 
transition layer has a continuously varying modulus from that o f  asphalt to  that o f  
crushed stone. The property o f  the transition layer can affect the performance o f the 
pavement. An analysis was conducted on lane 9 with the transition layer considered. As 
Fig.7 8 shows, the transition layer can decrease the tensile strain in the asphalt layer 
significantly, and move the highest strain down into the crushed stone layer, which has a 
larger capability to bear strain. Therefore, it can be seen that this 50 mm transition can 
greatly improve the pavement fatigue life.
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Fig. 7.8 The effect o f  the stone transition on the tensile strain o f  asphalt layer
It is concluded that much o f  the large difference o f  pavement fatigue life between 
the tw o soil cement base pavements, with and without a crushed stone layer, can be 
attributed to the different characteristics o f  the interfaces. In addition, as widely 
recognized, a stone interlayer can prevent shrinkage, environmental, and loading cracks in 
soil cement from propagating through the asphalt layers.
7.4 EVALUATION OF FATIGUE RELATIONSHIPS
Conventional pavement fatigue life prediction models estimate the pavement performance 
based on the maximum tensile stress, o r strain, at the underside o f  the asphalt layer 
When the critical stress and strain are evaluated, the pavement structures is always 
modeled as a multi-layer elastic system. A solution can be obtained by using computer 
programs such as CIRCLY (Wardle 1977). In using the proposed pavement fatigue
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models, the crack initiation life, namely the loading repetitions before the asphalt layer 
cracks, can be estimated by the same method. However, after the pavement cracked 
initially, estimating the pavement life associated with crack propagation requires a three 
dimensional analysis o f  the crack
In this study, the fatigue crack at the underside o f  the asphalt layer has been 
characterized as a semi-elliptical surface crack (Fig. 2.7). The J-integral or the stress 
intensity factor o f  this crack can be evaluated by modifying the FEM model described in 
chapter 4 to consider the base and subbase However, this computation involves much 
more analysis and computer power and goes beyond the scope o f this research. 
Therefore, two existing, simplified formulas to  evaluate the stress intensity factor for a 
crack in asphalt layer are used here. The tw o formulae were developed by Uzan (1993) 
and Ramsamooj (1993).
In the Uzan analysis, a pavement crack is simulated by a two dimensional model, 
based on the following assumptions regarding the crack geometry, loading configuration 
and material properties
(a) The crack is at the bottom o f the asphalt layer, vertical and propagation is 
upward
(b) The crack is longitudinal; under strip loading in the longitudinal direction.
(c) The type-1 stress intensity factor is a minor factor effecting crack propagation, 
and, only the type-11 stress intensity factor is computed and used in the evaluation 
o f  pavement fatigue life. The load is assumed at to  be on one side o f  the crack.
(d) The pavement materials are linear elastic and isotropic.
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Based on finite element analysis results, an integral about K„ was given in the 
form o f  a regression in terms o f  pavement layer thicknesses and moduli as follows
ln(Ik * 10“ )=- 2.6843+0.454 * +0.0095 * h„-0 .0352 ♦ E^,./
-0 .0235 * h ,(,"-0.000716 * * h„+0.000625♦ h,,(.* E / E^.
- 0 .0 0 0 0 5 18 * h E (,(. /  E^(; + 0 .00204  * hH * E H / E ^ .
+0.000201 n E ^ ( . /E ,J * ( E , ( . /E , ( , )
where:
U" i  ,which is an integral form about K„ from Cg to A for a n o f  3.
C. ^ 1 1
h^(, hy= asphalt concrete and base layer thickness (inches).
Ea, ,E„,Es,i= moduli o f  asphalt concrete, base and subgrade layers.
Data from ALF tests were used to evaluate parameters C and n, determined from 
this and other research and the above formula (7.1 ) used to evaluate the integral form 
about K„, the stress intensity factor, o f  a crack in the asphalt layer The calculated 
results from (7 .1 ) were multiplied by a correction factor to obtain the integral for n = 
2.5. The predicted pavement fatigue lives are given in Table 7 4. The observed 
pavement life, based on the pre-defined failure criteria, is also given. It should be noted 
that the observed pavement surface cracks, from which the failure is defined, do not 
necessarily all initiate from the bottom  of asphalt layer, although the prediction model is 
valid only for such cracks. Therefore, the comparison between the predicted and 
observed results should be conducted with caution
It can be seen that the predicted pavement life, from any model, is far from the 
observed pavement life It is interesting that the predicted results using the parameters
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Life Ratio* Life Ratio Life Ratio Life Ratio
2 4,624 21,194,084 20 101,675 O il 1,469,652 1.58 547 0.006 930,000
3 4,624 20,757,646 30 99,581 0.11 1,439,388 2.27 535 0.008 132,000
4 4,624 21,395,487 30 102,641 0.16 1,483,618 2.27 552 0.008 657,000
5 4,535 21,541,376 100 103,341 0.52 1,493,734 7.23 555 0.025 207,000
6 7,355 18,919,322 90 90,762 0.47 1,311,914 6.28 488 0.037 210,000
7 20,902 23,631,612 100 113,368 0.58 1,638,677 7.12 609 0.090 233,000
8 108,193 22,113,421 70 106,085 0.69 1,533,401 5.30 570 0.350 310,000
9 33X20 48,380,243 40 232,096 0.21 3,354,810 2.70 1248 0.027 1,250,000
10 352,046 22,014,386 - 105,610 - 1,526,534 - 568 - -
Note. Ratio = total life / observed life
from the asphalt slab tests in this research and, the asphalt beam fatigue test on an elastic 
foundation (Majidzadeh 1970) are furthest from the observed pavement life. The results 
from direct tension tests (Molenaar 1982) are closer to the observed results. The asphalt 
slab fatigue test and the tests o f  a beam on an elastic foundation should more realistically 
simulate pavement fatigue failure, since they reduce the effect o f  specimen size or support 
on the test results
Although the predicted pavement life from the proposed parameters is 20-100 
times the observed life, the ratio o f predicted and observed life varies relatively little 
within each o f two different types o f  pavements. For lane 2, 3, 4 and 9, which all have 
crushed stone bases, the ratio varies from 20 to 40 For lane 5, 6 and 7, which all have 
similar soil cement bases, the ratio are between 90-100. Lane 8 is exceptional in that 
failure was localized and premature.
Based on the classical Kirchhoff theory o f bending, RamsamooJ (1993) proposed 
a simplified formula to evaluate the stress intensity factor for a crack at the underside o f 
the asphalt layer. The pavement was modeled as a plate (asphalt layer) with an elastic 
foundation. The crack was assumed as semi-elliptical. Fig. 7.9. Differing from Uzan’s
Load
i l l l i i i i i i
Elastic Foundation
Fig 7.9 The semi-elliptical crack at the underside o f  asphalt layer (RamsamooJ 1993)
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assumption, Ramsamooj suggested that the type-I stress intensity factor (K,) is dominant 
in crack propagation and, the type-11 stress intensity factor can be ignored. His 
approximate formula for K , is given as follows:
K . = M , a J ~  (7.2)
In which Mb= 1 02 - 0,2c/h and h is the asphalt layer thickness. An approximate value o f 
Q is given by
Q = ( 1 .1 8 + 0 .3 9 ( 7 ) ') '- 0 .2 I 2 ( ^ )  (7 3)
In which rr* is the bending stress and <r, is the ultimate tensile strength and c  /  is the shape 
factor, which was assumed as 0.4 for the pavement.
The above formulae (7 2, 7.3) are used to evaluate the stress intensity factor K, 
for each pavement. Then the calculated K, is substituted into the equation (6.4) to 
estimate pavement fatigue life using the fracture parameters from this and other research 
The predicted and observed pavement lives are given in Table 7.5.
Table 7 5 shows that the predicted pavement fatigue life is much closer to the 
observed life, for the fracture parameters obtained from this research, using the formula 
proposed by Ramsamooj ( 1993 ) As in the case o f  the Uzan formula, the ratios within 
the same type o f  bases are relatively close each other For lane 2, 3, 4 and 9, which have 
crushed stone bases, the ratio varies from 0.9 to 1.4. For lane 5, 6 and 7, which have 
similar soil cement bases, the ratio are between 4 and 6.2. Lane 8 again is exceptional.
The predicted pavement life based on the fracture parameters obtained from beam tests is
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Observed |  
life
Life Ratio* Life Ratio Life Ratio Life Ratio
2 4,624 833,855 0 9 4002 0 009 58,080 0.067 - - 930,000
3 4,624 833,855 1.3 4002 0.013 58,080 0.098 - -
4 4,624 833.855 13 4002 0.013 58,080 0.095 - - 657,000
5 4,535 828,760 4.0 3978 0.041 57,724 0.300 - - 207,000
6 7,355 970,532 4.7 4658 0.050 67,600 0.360 - - 210,000
7 20,902 1.418,230 6.2 6807 0.119 98,782 0.51 - - 233,000
8 108,193 2,987,232 10.0 14338 0.395 208,066 1.00 - - 310,000
9 33,620 1,721,193 1.4 8261 0.033 119.884 0.123 - - 1,250,000
10 352,046 6,108,226 - 29319 - 425.448 - - - -
Note; Ratio = total life / observed life
much less than the observed life This is not unusual compared to other fatigue 
relationships which are based on beam fatigue tests.
From the prediction results above, we can see that the fracture parameters are 
dominant factors affecting the predicted fatigue life. The predicted lives predicted using 
the different parameters, which are determined from slab and beam tests, respectively, are 
significantly different. The stress intensity factor o f the crack in asphalt layer is also an 
important factor affecting the predicted life The differences in predicted life, between 
the Uzan and Ramsamooj formulae, come from the different types o f  stress intensity 
factors, for which the values o f  these two were greatly different.
These inconsistences, between the life predicted from this research and the 
observed life, can be attributed to many factors. Two are dominant; one is the 
inaccurate evaluation o f the stress intensity factor o f the crack in asphalt layer, the other 
is that the failure criterion and mechanism may be different between pavements and 
laboratory tests. From the investigation o f  the pavement failure modes o f the test lanes, it 
is concluded that the inconsistence between the predicted and observed results is also 
affected by;
I . W ater increasing the effective stress intensity factor. Water accumulating at the 
pavement interface, between the asphalt and base layers, will push into cracks in the 
asphalt layer under loading, developing a additional pressure on the crack surface, which 
can greatly accelerate the crack propagation rate. This process was clearly observed in 
the form o f  pumping when the pavement was loaded during rain. This effect o f  water on 
the stress intensity factor was not considered in either o f  the formulae used above.
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2. Erosion, o f  the fine material at the top o f  cement base, under loading and in the 
presence o f  water caused a soft layer at the interface between base and asphalt surface 
layer. The existence o f this soft layer (for even a short period o f  time) increases the 
critical tensile stress or strain at the bottom o f  asphalt layer significantly (Fig. 7.7) and 
also causes the stress intensity factor to increase. This will accelerate the crack initiation 
and propagation processes. It was observed that, for lanes 3, 5, 6, 7 and 10, the severe 
cracks occurred shortly after rain. This effect o f strength loss o f  the base layer at the 
interface was not considered in either formula above.
3. The Uzan and Ramsamooj formulae used either type-1 or type-11 stress intensity 
factors to  predict pavement fatigue life. In reality, a crack in asphalt layer may under be a 
mixed mode loading; it may have type-I and type-II stress intensity factor. This mixed 
mode crack may grow more quickly.
4. It was very difficult to  distinguish which cracks, observed at the pavement surface, 
came from the bottom o f  the asphalt layer and which initiated at the surface, there was 
clear evidence that both exist. This causes an underestimation o f  the pavement life.
5. Both formulae consider only vertical load. The effect o f  horizontal loads was not 
considered; this can be significant, especially when the base support is not uniform.
Since the prediction accuracy o f the fracture mechanics models depends on two 
factors, which are the parameters C and  n and, accurate evaluation o f  the stress intensity 
factor K, a more realistic model to calculate stress intensity factor is required.
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CHAPTER 8.
SUM M ARY AND CONCLUSIONS
Fatigue is a major structural distress that leads to a reduction in the serviceability o f  
asphalt concrete pavements. Considerable research has been conducted on pavement 
design to minimize fatigue cracking. In the last two decades, a number o f  mechanistic 
pavement design procedures have been developed. In these approaches, asphalt fatigue 
cracking is considered as one o f  the three dominant structural distresses, along with 
rutting and low-temperature associated cracks, which are used explicitly as design 
criteria. The successful application o f this type o f  design method to practice thus relies 
on a reliable crack prediction model.
A comprehensive literature review shows that most existing crack prediction 
models are based on the results o f  laboratory beam fatigue tests The phenomenological 
approach, in which either initial strain or stress is used to  characterize fatigue life, is 
dominant in asphalt fatigue cracking research. Since this approach does not rationally 
characterize crack propagation, an alternative approach, fracture mechanics, has also 
been used. In the SHRP program, asphalt fatigue cracking was described in two phases, 
crack initiation and propagation, which were characterized by tw o fracture mechanics- 
based models. There are tw o problems associated with current fracture mechanics-based 
fatigue prediction, including the models proposed in SHRP First, the crack initiation 
phase is modeled using the fracture parameters determined for the crack propagation 
phase. Second, the fracture parameters determined from beam fatigue tests are not
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adequate because the beam test cannot realistically simulate the propagation o f  a crack in
an asphalt pavement layer. Therefore, this study addressed these issues.
In this research, the asphalt fatigue cracking process was also described in two 
phases, as in the SHRP program. However, the two phases, crack initiation and 
propagation, were modeled using two different approaches, the phenomenological 
approach and fracture mechanics. To reduce the effect o f  specimen size and crack 
configuration on the crack growth rate, asphalt slab fatigue tests were conducted to 
determine fracture parameters.
To model the cracking process in asphalt slabs, stress and stress intensity factor 
analyses were conducted for uncracked and cracked slabs, respectively, based on three- 
dimensional FEM models. For the uncracked slab, the stress and strain at the critical 
position were evaluated for several thicknesses, which covered those o f tested slabs.
The fatigue crack, at the underside o f  a slab, was simulated as a semi-elliptical surface 
crack. The J-integral approach was used from which the stress intensity factor was 
calculated. The FEM mesh models were created by a special program. A convergency 
study was conducted for several schemes to select the optimum mesh, which gave the 
best evaluation o f the stress intensity factor. The relationship between crack depth and 
stress intensity factor was established for slabs o f  different thicknesses. The analysis 
results were used to determine the asphalt fracture parameters. The same analysis can be 
used for studying the cracking in other pavement materials(cement stabilized materials).
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The mesh established for an asphalt slab can be expanded to  model a cracked pavement,
in the future
Laboratory fatigue tests were conducted on asphalt slabs, which were taken from 
LTRC-ALF experiment pavements. Strain, displacement, crack length and width were 
measured during the tests. The crack depth was measured by postmortem after fatigue 
tests were terminated. The elastic displacements were used to back-calculate the moduli 
o f the slabs. The loading cycles, for defined crack initiation and propagation stages, 
were recorded to determine the asphalt fracture parameters with the corresponding stress 
intensity factor. The crack data were used to verify the SHRP crack initiation model 
The impact o f  cracking on the asphalt modulus was also studied and compared with the 
previous results
Based on the results o f  stress and stress intensity factor analyses and, asphalt slab 
fatigue tests, tw o relationships, for crack initiation and propagation, were developed for 
predicting asphalt fatigue life. The crack initiation relationship was based on the critical 
stress and strain and the crack propagation relationship used the stress intensity factor as 
an estimator. The fracture parameters, C  and w, were determined and compared with the 
results obtained from beam fatigue tests.
The proposed fatigue life prediction relationships were used to estimate the 
fatigue lives o f  the pavements at LTRC-ALF experiment site. Two existing equations 
were used to evaluate the stress intensity factor for a fatigue crack in asphalt pavement
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layer. The predicted results were compared with the observed pavement life. The 
potential factors causing the inconsistence between the tw o were analyzed.
From this study, the following conclusions can be drawn:
1. The existing asphalt fatigue models do not adequately predict pavement life.
2. The stress intensity factor o f  a crack at the underside o f  a slab increases with crack 
depth and then decreases.
3. The crack initiation life obtained from this study is much higher than that predicted 
from SHRP crack initiation model (Fig. 5 .23). However, the logarithm o f  the former can 
be obtained by multiplying logarithm o f  the latter by a factor.
4. The impact o f  degree o f cracking on the asphalt modulus depends on the specimen 
configuration. The effect o f  cracking on modulus reduction for asphalt slabs was much 
less than that for beams. Failure criteria, based on the same modulus estimates, may be 
different for a beam and pavement
5 The crack length (in the horizontal direction) is a minor factor effecting asphalt 
modulus. This means that the conventional use o f  cracking rate based on crack length 
may not be a efficient index to define pavement fatigue failure.
6. The crack propagation rate is significantly affected by the fracture parameters C, n 
and the stress intensity factor K A small error in any o f  the values can cause a great 
difference o f  the predicted fatigue life. Therefore, a accurate determination o f  these 
three parameters are extremely important for predicting a reasonable pavement life
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7. The fracture parameters determined from asphalt slab tests are significantly different 
from the results obtained by beam fatigue tests. The crack propagation life predicted 
using the parameters estimated in this study is much bigger than that predicted using the 
parameters determined from beam tests. Tables 7. 4 and 7.5.
8. The predicted crack lives for the LTRC-APT pavements are significantly different for 
two different models for the stress intensity factor o f  the crack in pavements. The 
predicted and observed lives differed by a factor o f  20-100 for the Uzan equation and, 1- 
10 for the Ramsamooj equation. This significant difference is attributed to the different 
evaluation o f stress intensity factor for the cracked pavements in the two equations.
The following works are recommended for further study:
1. The three-dimensional FEM model, which was developed to simulate a semi-elliptical 
crack surface, in a simply supported slab should be expanded to accurately evaluate the 
stress intensity factor for a crack in a pavement slab on a subgrade.
2. In this study, the crack propagation for type-I loading was investigated. Since a 
crack in pavements may be under a mixed mode o f type 1 and II loadings, a laboratory 
slab test, which can simulate this mode o f  loading, should be conducted to determine the 
corresponding fracture parameters, C  and n
3 In this study, the fatigue tests were terminated, to limiting permanent deformation, 
before cracking was observed at the slab surface. In a future study, a more sophisticated 
slab model test should be conducted, which should limit the permanent deformation.
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4. The asphalt slab fatigue tests should be conducted at different temperatures to 
consider the effect o f  temperature on crack growth in the future study.
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APPENDIX A
THE PROGRAM TO GENERATE THE COORDINATES OF THE FEM MODEL
/* The program is to generate the coordinates o f  the FEM model o f  a plate with a half­




float xy(double A,double B,double C, double D)
{ float M l ,M 2,M3,y;
M M  4*pow(C,2 0)*pow(D,2 0)*pow(B,4.0) - 
4*(pow(A,2.0)+pow(D,2 0)*pow(B,2 0))*pow(B,2 0)*(pow(C,2.0)-pow(A,2.0)); 
M 2-2*(pow(A,2.0)+pow(B'"D,2.0));
M 3=2*C*D*pow(B,2 0); 














{ printf("output dat can not openAn"); 
exit(O);
}
fscanftin, "%d\n" , &oplion);
fscanffin, "% f %f, %d, %d\n", &xcenter, &ycenter, &nzlayer, &ninner); 
fscanf(in, "%d\n", &nlines); 
for(i= l, i<=nlines; i++)
{ fscanf(in, "%f.%f\n", &lines[i][l], &lines[i][2]);
}
fscanf(in, "%d, %d\n", &nX, &nY); 
for(i= l; i<=nX; i++)
{ fscanf(in, "%f,". &X[i]);
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fscanf(in, "\n"); 
for(i= l; i<=nY; i++)
{ fscanftin, &Y[i]);
}
for(i= l; i<=7; i++)
{ for(j= l; j<=5; j++)
{ a[n][ 1 ][ 1 ]= 10+20*(i-1 )+1000*(j-1 ); 
a[n][l][3]=0; 
if  (1=^2) {









for(i= l; i<=7; i+4)
{ fo r ( j- l;  j<=4; j++)
{ a[n][ 1 ][ 1 ]=8010+20*(i-1 )-1000*(j-1 ); 
a[n][l][3]=0, 
if(i==2) { 
a[n][ 1 ][2]-=xcenter+(j-l)*2 5’*'(i-l)/8.0; 
a[n][l][4 ]= i 25*(i-l);
else {






for(i= l; i<=^7; i++)
{ for(j= l; j<=4; j++)
{ a[n][ I ][ 1 ] - 8 0 10+20*(i-l )+1000*j; 
a[n][l][3]=0; 
if  (i=—2) { 
a[n][ 1 ][2]=xcenter-(j)*2.5*(i-1 )/8.0; 
a [n ][l][4 ]= l 25*(i-l);
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}
else {






for(i= l, i<=7; i++)
{ for(j==l; j<=4, j++)
{ a[n][ 1 ][ 1 ]= 16010+20*(i-1 ) - 1000*0-1 ); 
afn][l][3]=0; 
if  (i— 2) { 
a[n][ 1 ][2]=xcenter-1,25*(i-1 ), 
a [n ][l][4 ]= 0 -l)*2  5*0-1 )/8 0;
}
else {
a[n][ 1 ][2]-xcenter-2 5*(i-1 ); 





if (option— 1 II option— 2)
{ for(i=l ; i<=4; i++)
{ forO=l; j<=5; j++)
{ a[n][ 1 ][ 1 ] - 1 50+20*(i-1 )+1000*0-1 ), 
a[n][ I ][2]=xcenter+20+5*(i-1 ); 
a [n ][l][3 ]-0 ; 






{ fbr(i= l; i<=13; i t-H)
{ forO= 1, j<=nzlayer*2; j++)
{ a[n][ 1 ][ 1 ]-17010+20*(i-1 )+1000*0* • ): 
i^i <= 9) a[n][lJ[2]=xcenter-15.0+7.5*(i-l)/2.0; 
else a[n][ 1 ][2]=xcenter+l 5.0+5.0*(i-9); 
a [n ][l][3 ]-0 ;
a[n][l ][4]=15.0+( 194.0-15.0)*j/2.0/nzlayer; 
n++;
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{ for(i=l; i<=2*ninner; i++)
{ for(j= l; j<=5; j++)
{ a[n][ 1 ][ 1 ]= 16130+20*1-1000*0-1 )i 







{ forO=l; j<=2*nzlayer; j++)
{ a[n ][]][ 1 ]= 17010+20*(i-1 )+ 0 -1 )* 1000; 
a[n][l][2]=Tccenter-5*(3+ninner)+(i-l)*2.5; 
afn][lj[3]=0;




if (option^=2) mm=6; 
else mm=4;
for(i=l; i<=(mm*2); I++)
{ fbrO= 1 ; j<=2*nzlayer; j++)
{ a[n][ I ][ 1 ]-17010+4O*ninner+2O*i+0-1 )* 1000; 
i^i <= 8) a[n][l][2 ]= xcen ter-l5 0+7.5*i/2 0; 
else a[n ][l][2 ]“ xcenter+15.0+5.0*(i-8); 
a [n ][l][3 ]-0 ;
a[n][ 1 ] [ 4 ] - 15 0+j*( 194.0-15.0)/2.0/nzlayer; 
n++.
for(i=l ; i<n; i++)
{ A l-a [i][l][2 ];
if(Al >= xcenter && A1 <= xcenter+15.0)
B 1 =ycenter+( A 1 -xcenter); 
else {
IftAl > xcenter+15.0)
B 1 =ycenter+15.0+( A 1-15.0-xcenter)/2.0;
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else
B 1 =ycenter-(xcenter-Al );
}
for(j= 1 ; j<=nlines; j++)
{ C l=lines[j][l];
D l=lines|j][2];
y=xy(A l,B 1,C I,D I);
a [ i] [ j+ ll[ l] -a [ i] [ l ] [ lH ;
a[i]ü+i][3]=y;










{ for(j= 1 ; j<=niines+2J++)
{ fprintfîout, ’•% 5,Of,% 7.3f,% 6.3f,% 7.3f\n",a[i]lj][l],a[i][j][2],a[i][j][3],a[i]ü][4]);
}
}
for(m =l; m<=(nz!ayer+2)*2+l ; m++)
{ for(j=l; j<=nY; j++)
{ for(i= l; i<=nX; i++)
{ b[ 1 ]=40000 -t- i +30*(j-1 ) + 1000*(m-1 ); 
b[2]-X [i]; 
b[3]=Y[j];
if(m <=5) b[4]=7.5*(m -l)/2.0;
else b[4]=l 5.0 + (m-5)*( 194.0-15 0)/2.0/n2layer;
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APPENDIX B 
A TYPICAL INPUT FILE, CCRACK4.INP
♦heading
J-intcgral for scmi-clliptical surface crack in a plate 
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48194.19336.46223.46225.48225.48223






































































































RIGHT. LEFT. CONNECT.FANl, FAN2.FAN3.FAN4.FAN5.FAN6.FAN7.FAN8.FAN9.FAN9A
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♦SOLID SECTION. ELSET=ALLI. MATER1AL= ASPHALT









♦CONTOUR INTEGRAL.CONTOUR= 3.SYMM,OUTPUT=BOTH.NORMAL 
0.0 .0 0 . 1.0
JO.J 1 .J2. J3.J4.J5.J6. J7. J8.J9.J 10. J ll .J I2 .J I3 .JI4  
♦EL PRINT. ELSET=LDRIGON 
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APPENDIX C
J INTEGRAL AND STRESS INTENSITY FACTOR (K ) FOR 
A SLAB UNDER DISTRIBUTED LOAD
The J-integral results are for the following condition: the slab is four-edge-simply 
supported, P=4.7 N /m m \ a=15, 25, 35 and 55 mm for H -80 , 85 and 95 mm.
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Table 1(a) J-integral and stress intensity factor (K) for a four-edge-supported plate under
(degree)
J-integral (N/m) Stress intensity factor (MPa. m‘ * )
Ring 1 Avers. _ R in8J_ Ring 3 Avers.
0.00 27.798 28.538 29.569 28.635 0.303 0.307 0.312 0.307
3.08 27.086 27.173 27.317 27.192 0.299 0.299 0.300 0.299
6.12 26.477 26.086 25.905 26.156 0.295 0.293 0.292 0.294
9.37 26.799 27.046 27.124 26.990 0.297 0.299 0.299 0.298
12.56 28 417 28.143 28.078 28.213 0.306 0.305 0.304 0.305
16.35 30.274 30.328 30.357 30.320 0.316 0.316 0.316 0.316
20.00 32.282 32.250 32.265 32.266 0.326 0.326 0.326 0.326
24.30 34.241 34.192 34.196 34.210 0.336 0.336 0.336 0.336
29.06 36.053 36.098 36.137 36.096 0.345 0.345 0.345 0.345
33.97 37.609 37.533 37.539 37.560 0.352 0.352 0.352 0.352
39.37 38.954 38.987 39.022 38.988 0.358 0.359 0.359 0.359
44.01 39.996 39.919 39.932 39.949 0.363 0.363 0.363 0.363
49.05 40.807 40.798 40.825 40.810 0.367 0.367 0.367 0.367
53.94 41.560 41 492 41.508 41.520 0.370 0.370 0.370 0.370
59.61 42.201 42.150 42 171 42.174 0.373 0.373 0 373 0.373
64.67 42.618 42.557 42.579 42.585 0.375 0.375 0.375 0.375
69.77 43.020 42.936 42.949 42.968 0.377 0.376 0.376 0,376
74.83 43.228 43 173 43.196 43.199 0.378 0.377 0.377 0.377
80.07 43.521 43.418 43.435 43.458 0.379 0.378 0.378 0.379
85.01 43.488 43.434 43.453 43.458 0.379 0.378 0 378 0.379
90.00 43.694 43.623 43.667 43.661 0.380 0.379 0.379 0.379
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Table 1(b) J-integral and stress intensity factor for a four-edge-supported plate under
distributed load (P=4.7 a=25 mm, c=65 mm, a/H=0.31, a/c=0.38, H=80mm
1(degree)
J-integral (N/m) Stress intensity factor (MPa m'^)





0.00 37.726 31.890 23.299 30.972 0.277 0.320
4.73 38.596 39.851 41.683 40.043 0.357 0.362 0.371 0.363
8.34 36.508 34.636 32.565 34.570 0.347 0.338 0.328 0.338
12.74 37 126 37.670 38.084 37.627 0.350 0.352 0.354 0.352
16.47 39.087 38.491 37.976 38.518 0.359 0.356 0.354 0.356
21.58 41.653 41.664 41.807 41.708 0.371 0.371 0.371 0.371
26.54 43.475 43.608 43.509 43.531 0.379 0.379 0.379 0.379
32.67 46.315 46.138 46.159 46.204 0.391 0.390 0.390 0.390
38.04 48.164 48.552 48.704 48.473 0.398 0.400 0.401 0.400
46.22 50.639 50.411 50.309 50.453 0.409 0.408 0.407 0.408
53.23 52.132 52.444 52.673 52.416 0.415 0.416 0.417 0.416
62.07 53.413 53.320 53.282 53.338 0.420 0.419 0.419 0.419
72.66 54.393 54.404 54.587 54.461 0.423 0.424 0.424 0.424
80.62 54.706 54.630 54.586 54.641 0.425 0.424 0.424 0.424
90.00 55.842 56.208 56.710 56.253 0.429 0.430 0.432 0.431
Table 1(c) J-integral and stress intensity factor for a four-edge-supported plate under 
distributed load (P=4.7 N/mm’), a=35 mm, c=80 mm, a/H=0.44, a/c=0 44, H-80m m
) (degree)
J-integral (N/m) Stress intensity factor (MPa m'^)
Rina 1 Rina 2 Rina 3 Avera. Rina 1 Rina 2 Rina 3 Avera.
0.00 56.819 64.849 74.725 65.464 0.433 0.462 0.496 0.465
4.47 46.231 45.425 44.815 45.490 0.390 0.387 0.384 0.387
8.64 44.503 44.965 45.445 44.971 0.383 0.385 0.387 0.385
12.18 43.703 43.850 43.908 43.820 0.380 0.380 0.380 0.380
15.71 44.966 44.949 44.912 44.942 0.385 0.385 0.385 0.385
19.52 46.359 46.274 46.331 46.321 0.391 0.391 0.391 0.391
23.84 47.326 47.681 47.621 47.543 0.395 0.396 0.396 0.396
29.43 49.113 48.901 48.976 48.997 0.402 0.402 0.402 0.402
36.40 49 488 50.213 50.361 50 021 0.404 0.407 0.407 0.406
42.96 50.958 50.678 50.486 50.707 0.410 0.409 0.408 0.409
50.65 51.027 51.676 52.010 51.571 0.410 0.413 0.414 0.412
58.78 52.020 51.998 51.965 51.994 0.414 0.414 0.414 0.414
68.35 52.209 52.235 52.162 52.202 0.415 0.415 0.415 0.415
78.68 52.449 52.654 52.817 52.640 0.416 0.417 0.417 0.417
90.00 ^^2274_ 52.476 0417 0.416 0.415 0.416
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Table 1(d) J-integral and stress intensity factor for a four-edge-supported plate under
distributed load (P=4.7 N/mm^), a=55 mm, c=120 mm, a/H=0.69, a/c=0.46, H=80mm
) (degree)
J-integral (N/m) Stress intensity factor (MPa.m' *)
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 67017 73.777 80.460 73.751 0.470 0.493 0.515 0.493
4.20 64.568 63.294 62.891 63.584 0.461 0.457 0.455 0.458
7.41 56.914 57.990 58.432 57.779 0.433 0.437 0.439 0.436
10.68 53.430 53.436 53.434 53.433 0.420 0.420 0.420 0.420
14.13 50.806 50.673 50.725 50.735 0.409 0.409 0.409 0.409
16.99 48.878 48.985 49.006 48.956 0.401 0.402 0.402 0.402
20.00 47 681 47.446 47.471 47.533 0.396 0.395 0.396 0.396
22.78 46.253 46.303 46.320 46.292 0.390 0.391 0 391 0.391
25.69 45.339 45.227 45.251 45.272 0.387 0.386 0.386 0.386
28.79 44.196 44.184 44.203 44.194 0.382 0.382 0.382 0.382
31.99 43.202 43.212 43.229 43.214 0.377 0.377 0.378 0.377
35.79 41.995 41.937 41.959 41.964 0.372 0.372 0.372 0372
39.62 40.637 40.741 40.744 40.707 0.366 0.366 0.366 0.366
43.40 39.522 39.434 39.464 39.473 0.361 0.361 0.361 0.361
47.15 37.933 38.120 38.091 38.048 0.354 0.355 0.354 0.354
51.17 36.728 36.621 36.671 36.673 0.348 0.347 0.348 0.348
55.04 34.688 34.986 34.891 34.855 0.338 0.340 0.339 0.339
58.62 33.785 33.646 33.740 33.724 0.334 0.333 0.334 0.333
62.04 31.327 31.872 31.601 31.600 0.321 0.324 0.323 0.323
65.42 30.884 30.704 30.929 30.839 0.319 0.318 0.319 0.319
68.57 27.742 28.830 28.351 28.308 0.302 0.308 0.306 0.305
71.45 28.258 28.034 28.309 28.200 0.305 0.304 0.305 0.305
74.14 24.846 26.955 27.230 26.344 0.286 0.298 0.300 0.295
76.48 26.246 25 794 25 155 25.732 0.294 0.292 0.288 0.291
78.72 23.629 25.769 26.346 25.248 0.279 0.291 0.295 0.289
80.89 25.051 25.102 25.319 25.157 0.287 0.288 0.289 0.288
82.93 23.314 24.490 24.174 23.993 0.277 0.284 0.282 0.281
84.85 24.319 24.619 24.690 24.543 0.283 0.285 0.285 0.284
86.66 23.070 24.196 24.188 23.818 0.276 0.282 0.282 0.280
88.37 24.042 24.272 24.242 24.185 0.282 0.283 0.283 0.282
90.00 22.928 24.214 24.307 23.816 0.275 0.283 0.283 0.280
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Table 2(a) J-integral and stress intensity factor (K) for a four-edge-supported plate under
distributed load (P=4.7 N/mm^), a=15 mm, c=40 mm, a /H = 0.18, a/c=0.38, H=85mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa.m' ")
Ring 2 Rina 3 Avera. Ring 1 Rina 2 _m nR 3_
0.00 21.643 22.227 23.042 22.304 0.267 0.271 0.276 0.271
3.08 21.124 21.191 21.300 21.205 0.264 0.264 0.265 0.264
6.12 20.684 20.379 20.244 20.436 0.261 0.259 0.258 0.260
9.37 20.970 21.164 21.222 21.119 0.263 0.264 0.265 0.264
12.56 22.274 22.057 22.008 22.113 0.271 0.270 0.269 0.270
16.35 23.764 23.808 23.831 23.801 0.280 0.280 0.280 0.280
20.00 25.384 25.354 25.366 25,368 0.289 0.289 0.289 0.289
24.30 26.951 26.915 26.918 26.928 0,298 0.298 0.298 0.298
29.06 28.417 28.447 28.478 28447 0.306 0.306 0.306 0.306
33.97 29.661 29.603 29.608 29.624 0.313 0.312 0.312 0.313
39.37 30.751 30.774 30.801 30.775 0.318 0.319 0.319 0.319
44.01 31.584 31.525 31.535 31.548 0.323 0.322 0.322 0.322
49.05 32.242 32.233 32.254 32.243 0.326 0.326 0.326 0.326
53.94 32.846 32.793 32.805 32.815 0.329 0.329 0.329 0.329
59.61 33.362 33.323 33.339 33.341 0.332 0.331 0.332 0.332
64.67 33.699 33.651 33.668 33.673 0.333 0.333 0.333 0.333
69.77 34.020 33.957 33.968 33.982 0.335 0.335 0.335 0.335
74.83 34.191 34.147 34.165 34 168 0.336 0.336 0.336 0.336
80.07 34.422 34.345 34.359 34.375 0.337 0.336 0.337 0.337
85.01 34.402 34.358 34.373 34.378 0.337 0.337 0.337 0.337
90.00 34.560 34.509 34.509 34.526 0.338 0.337 0.337 0.337
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Table 2(b) J-integral and stress intensity factor for a four-edge-supported plate under
distributed load (P=4.7 N/mm^), a -25  mm, c=65 mm, a/H=0.29, a/c=0.38, H=85mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa.m )
Ring 2 Rina 3 Ring 1 Ring 2 Ring 3 Averg.
0.00 24.160 20.437 14.904 19.834 0.282 0.260 0.222 0.256
4.73 24.854 25.650 26.825 25.776 0.286 0.291 0.297 0.292
8.34 23.626 22.434 21.126 22.395 0.279 0.272 0.264 0.272
12.74 24.197 24.544 24.792 24.511 0.282 0.284 0.286 0.284
16.47 25.646 25.254 24.950 25.283 0.291 0.289 0.287 0.289
21.58 27.472 27.485 27.569 27.509 0.301 0.301 0.301 0.301
26.54 28.870 28.928 28.884 28.894 0.309 0.309 0.309 0.309
32.67 30.865 30.760 30.763 30.796 0.319 0.318 0.318 0.319
38.04 32.325 32.523 32.618 32.489 0.326 0.327 0.328 0.327
46.22 34.055 33.923 33.870 33.949 0.335 0.334 0.334 0.335
53.23 35.254 35.395 35.522 35.390 0.341 0.342 0.342 0 342
62.07 36.124 36.066 36.047 36.079 0.345 0.345 0.345 0.345
72.66 36.875 36.855 36.971 36.900 0.349 0.349 0.349 0.349
80.62 37.107 37.045 37.014 37.055 0.350 0.349 0.349 0.350
90.00 37.883 38.119 38.438 38.147 0.353 0.354 0.356 0.355
Table 2(c) J-integral and stress intensity factor for a four-edge-supported plate under 
distributed load (P=4.7 N/mm^), a=35 mm, c=80 mm, a/H -0.41, a/c-0 .44, H=85mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa.m *)
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Rm&2__ Ring 3 Aycrg.
0.00 34.953 39 951 46 112 40.339 0.339 0.363 0.390 0.365
4.73 28.640 28 117 27.701 28.153 0.307 0.304 0.302 0.305
8.34 27.931 28.243 28.597 28.257 0.303 0.305 0.307 0.305
12.74 27.720 27.802 27.816 27.779 0.302 0.303 0.303 0.303
16.47 28.937 28.935 28.954 28.942 0.309 0.309 0.309 0.309
21.58 30.197 30.137 30.153 30.162 0.316 0.315 0.315 0.315
26.54 31.369 31.587 31 610 31.522 0.322 0.323 0.323 0.322
32.67 32.921 32.780 32.788 32.830 0.329 0.329 0.329 0.329
38.04 33.812 34.187 34.309 34.103 0.334 0.336 0 336 0.335
46.22 34.954 34.802 34.705 34.820 0.339 0.339 0.338 0.339
53.23 35.475 35.746 35.920 35,714 0.342 0.343 0.344 0.343
62.07 36.196 36.177 36.162 36.178 0.345 0.345 0.345 0.345
72.66 36.613 36.543 36.494 36.550 0.347 0.347 0.347 0.347
80.62 36.742 36.850 36.962 36.851 0.348 0.349 0.349 0.349
90.00 37.024 36.804 36.671 36.833 0.349 0348 0.348 0.348
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Table 2(d) J-integral and stress intensity factor for a four-edge-supported plate under
distributed load (P=4,7 N/mm^), a=55 mm, c=120 mm, a/H=0.65, a/c=0.46, H=85mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa.m''*)
Ring 1 Ring 1 Ring 2 Ring 3 Averg.
0.00 50.416 55.510 60.564 55.497 0.408 0.428 0.447 0.428
4.20 48.739 47.776 47.460 47992 0.401 0.397 0.396 0.398
7.41 43.207 44.014 44.360 43 860 0.377 0.381 0.382 0.380
10.68 40.721 40.730 40.728 40 726 0.366 0.366 0.366 0.366
14.13 38.939 38.826 38.865 38 877 0.358 0.358 0.358 0.358
16.99 37.633 37.720 37.737 37.697 0.352 0.353 0.353 0.353
20.00 36.907 36.716 36.734 36786 0.349 0.348 0.348 0.348
22.78 35.989 36.032 36.046 36.022 0.344 0.345 0.345 0.345
25.69 35.479 35.381 35.399 35.420 0.342 0.342 0.342 0.342
28.79 34.812 34.806 34.822 34.813 0.339 0.339 0.339 0.339
31.99 34.269 34.269 34.279 34.272 0.336 0.336 0.336 0.336
35.79 33.632 33.587 33.606 33.608 0.333 0.333 0.333 0.333
39.62 32.876 32.955 32.955 32.929 0.329 0.330 0.330 0.329
43.40 32.353 32.281 32.306 32.313 0.327 0.326 0.326 0.326
47.15 31.439 31.593 31.568 31.533 0.322 0.323 0.323 0.322
51.17 30.936 30.842 30.884 30.887 0.319 0.319 0.319 0.319
55.04 29.758 30.004 29.933 29.898 0.313 0.315 0.314 0.314
58.62 29.495 29.375 29.446 29.439 0.312 0.311 0.312 0.312
62.04 28 065 28.486 28.312 28.288 0.304 0.306 0.306 0.305
65.42 28.158 28.001 28.142 28.100 0.305 0.304 0.305 0.304
68.57 26.319 27.122 26.827 26.756 0.295 0.299 0.297 0.297
71.45 26.961 26.743 26.929 26.878 0.298 0.297 0.298 0.298
74.14 24.888 26.294 26.387 25.856 0.286 0.294 0.295 0.292
76.48 25.954 25.634 25.323 25.637 0.293 0.291 0.289 0.291
78.72 24.242 25.717 26.230 25.396 0.283 0.291 0.294 0.289
80.89 25.183 25.104 24.992 25 093 0.288 0.288 0.287 0.288
82.93 24.086 24.881 24.829 24.599 0.282 0.286 0.286 0.285
84.85 24.616 24.826 24.996 24.813 0.285 0.286 0.287 0.286
86.66 24.023 24.433 24.249 24.235 0.281 0.284 0.283 0.283
88.37 24.325 24.569 24.618 24.504 0.283 0.285 0.285 0.284
90.00 23.978 24.355 24.285 24.206 0.281 _ JL 2 8 1 _ 0.283 0.282
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Table 3(a) J-integral and stress intensity factor (K) for a four-edge-supported plate under
distributed load (P=4.7 a=15 mm, c=40 mm, a/H =0.16, a/c=0.38, H=95mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa m^^)
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 13.048 13.407 13.928 13.461 0.207 0.210 0.214 0.21 1
3.08 12.779 12.814 12.877 12.823 0.205 0.206 0.206 0.206
6.12 12.545 12.365 12.294 12.401 0.203 0.202 0.201 0.202
9.37 12.761 12.877 12.904 12.847 0.205 0.206 0.206 0.206
12.56 13.587 13.452 13.425 13.488 0.212 0.211 0.210 0.21 1
16.35 14.530 14.557 14.575 14.554 0.219 0.219 0.219 0.219
20.00 15.562 15 544 15.544 15.550 0.227 0.226 0.226 0.226
24.30 16.541 16.523 16.523 16.529 0.234 0.233 0.233 0.233
29.06 17.475 17.493 17.511 17.493 0.240 0 240 0.240 0.240
33 97 18.247 18.220 18.220 18.229 0.245 0.245 0.245 0.245
39.37 18.939 18.957 18.966 18.954 0.250 0.250 0.250 0.250
44.01 19.460 19.424 19.433 19.439 0,253 0.253 0.253 0.253
49.05 19.873 19.864 19 882 19.873 0.256 0.256 0.256 0.256
53.94 20.250 20.214 20.223 20.229 0.258 0.258 0.258 0.258
59.61 20.564 20.546 20.555 20.555 0.260 0.260 0.260 0.260
64.67 20.780 20.753 20.762 20.765 0.262 0.262 0.262 0.262
69.77 20.977 20.941 20.950 20.956 0.263 0.263 0.263 0.263
74.83 21.085 21.058 21.067 21.070 0.264 0.263 0.264 0.264
80.07 21.220 21.184 21.193 21.199 0.264 0.264 0.264 0.264
85.01 21.220 21.193 21.202 21.205 0.264 0.264 0.264 0.264
90.00 21.310 21.283 21.301 21.298 0.265 0.265 0.265 0.265
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Table 3(b) J-integral and stress intensity factor for a four-edge-supported plate under
distributed load (P=4.7 N/mm^), a=25 mm, c==65 mm, a/H -0.26, a /c-0 .38 , H -9Sm m
1 n
(degree)
J-intcgral (N/m) Stress intensity factor (MPa m '')
_Ring_l _ Ring 2 Ring 3 Averg. Ring 1 Ring 2 Averg.
0.00 16.002 13.344 8.177 12.508 0.230 0.210 0.164 0.203
4.11 16.568 17.152 18.472 17.397 0.234 0.238 0.247 0.239
7.86 15.769 14.925 13.596 14.763 0.228 0.222 0.212 0.221
12.01 16.281 16.514 16 739 16.511 0.232 0.233 0.235 0.233
16.24 17.322 17.044 16.802 17.056 0.239 0.237 0.235 0.237
20.20 18.625 18.642 18.723 18.663 0.248 0.248 0.248 0.248
24.53 19.648 19.666 19.621 19.645 0.255 0.255 0.254 0.254
29.71 21.058 20.986 20.986 21.010 0.263 0.263 0.263 0.263
35.88 22.154 22.261 22.324 22.246 0.270 0.271 0.271 0.271
44.09 23.357 23.276 23.249 23.294 0.277 0.277 0.277 0.277
52.83 24.255 24.327 24.399 24.327 0.283 0.283 0.284 0.283
60.44 24.848 24.812 24.803 24.821 0.286 0.286 0.286 0.286
68.71 25.395 25.369 25.440 25.401 0.289 0.289 0.290 0.289
77.38 25.557 25.512 25.485 25.518 0.290 0.290 0.290 0.290
90.00 26.087 26.240 26.437 26.255 0.293 0.294 0.295 0.294
Table 3(c) J-integral and stress intensity factor for a four-edge-supported plate under 
distributed load (P -4 .7  N/mm^), a-35  mm, c -8 0  mm, a/H -0.37, a/c=0.44, H -95m m
0
(degree)
J-integral (N/m) Stress intensity factor (MPa m^^)
Ring 1 Ring 2 Ring 3 Averg Ring 1 Ring 2 Ring 3 Averg.
0.00 22.746 26.033 30.101 26.293 0.274 0.293 0.315 0.294
4.58 18.741 18.382 18.095 18.406 0.249 0.246 0.244 0.246
8.18 18.445 18.660 18 921 18.675 0.247 0.248 0.250 0.248
12.71 18.445 18.499 18 499 18.481 0.247 0.247 0.247 0.247
16.63 19.451 19.451 19.478 19.460 0.253 0.253 0.253 0.253
22.10 20.456 20.412 20.412 20.427 0.260 0.259 0.259 0.259
27.42 21.489 21.624 21.669 21.594 0.266 0.267 0.267 0.267
35.08 22.692 22.603 22.594 22.630 0.274 0.273 0.273 0.273
43.00 23.573 23.770 23.860 23.734 0.279 0.280 0.280 0.280
50.27 24.399 24.309 24.264 24.324 0.284 0.283 0.283 0.283
58.10 24.937 25.045 25.135 25.039 0.287 0.287 0.288 0.287
66.52 25.440 25.422 25.431 25.431 0.290 0.289 0.290 0.290
74.86 25.826 25.746 25.710 25.761 0.292 0.291 0.291 0 291
82.21 25.898 25.961 26.024 25.961 0.292 0.293 0.293 0.293
90.00 25.970 25.889 25.994 0.293 0.293 0.292 0.293
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Table 3(d) J-integral and stress intensity factor for a four-edge-supported plate under
distributed load (P=4.7 a=55 mm, c -1 2 0  mm, a/H=0 58, a/c=0 46, H=95mm
0 J-intcgral (N/m) Stress intensity factor (MPa m'^)
(degree) Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Aycrg.
0.00 30.774 33.882 36.989 33.882 0.319 0.334 0.349 0.334
4.20 29.912 29.320 29.113 29.448 0.314 0.311 0.310 0.312
7.41 26.760 27.245 27.470 27.159 0.297 0.300 0.301 0.299
10.68 25.377 25.386 25.386 25.383 0.289 0.289 0.289 0.289
14.13 24.479 24.399 24.426 24.435 0.284 0.284 0.284 0.284
16.99 23.824 23.887 23.896 23.869 0.280 0.281 0.281 0.281
20.00 23.564 23.429 23.438 23.477 0.279 0.278 0.278 0.278
22.78 23.150 23.177 23.186 23.171 0.276 0.276 0.276 0.276
25.69 23,016 22.944 22.953 22.971 0.275 0.275 0.275 0.275
28.79 22.791 22.791 22.800 22.794 0.274 0.274 0.274 0.274
31.99 22.666 22.657 22.666 22.663 0.273 0.273 0.273 0.273
35.79 22.531 22.504 22.513 22.516 0.273 0.272 0.272 0.272
39.62 22.333 22.369 22.378 22.360 0.271 0.272 0.272 0.272
43.40 22.297 22.243 22.261 22.267 0.271 0.271 0.271 0.271
47 15 22.010 22.109 22.091 22.070 0.269 0.270 0.270 0.270
51.17 22.046 21.983 22.001 22.010 0.270 0.269 0.269 0.269
55.04 21.642 21.812 21.777 21.744 0.267 0.268 0.268 0.268
58.62 21.821 21.732 21.768 21.774 0.268 0.268 0.268 0.268
62.04 21.283 21.552 21.489 21.441 0.265 0.267 0.266 0.266
65.42 21.651 21.534 21.588 21.591 0.267 0.266 0.267 0.267
68.57 20.968 21.426 21.372 21.256 0.263 0.266 0.265 0.265
71.45 21.543 21.399 21.417 21.453 0.266 0.266 0.266 0.266
74.14 20 825 21.462 21.561 21.283 0.262 0.266 0.267 0.265
76.48 21.489 21.345 21 238 21.357 0.266 0.265 0.265 0.265
78.72 20.932 21.525 21.750 21.402 0.263 0.266 0 268 0 266
80.89 21.462 21.408 21.328 21.399 0.266 0.266 0.265 0.266
82.93 21.21 1 21.498 21.543 21.417 0.264 0.266 0.266 0.266
84.85 21.453 21.543 21.615 21.537 0.266 0.266 0.267 0.266
86.66 21.453 21 462 21.336 21.417 0.266 0.266 0.265 0.266
88.37 21.444 21.588 21.669 21.567 0.266 0.267 0.267 0.267
90.00 21.534 21.453 21.310 21.432 0.266 0.266 0.265 0.266
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Table 4(a) J-integral and stress intensity factor (K) for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=15 mm, c=40 mm, a/H =0.19, a/c=0.38, H=80mm
1 (degree)
J-intcgral (N/m) Stress intensity factor (MPa.m )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 60.028 60.967 62.529 61.175 0445 0.448 0.454 0.449
3.08 58.009 58.343 58.718 58.357 0.437 0.439 0.440 0.439
6.12 57.041 55.886 55.432 56.120 0.434 0.429 0.427 0.430
9.37 57 214 57.863 58.033 57.703 0.434 0.437 0.437 0.436
12 56 60.817 60.031 59.873 60.240 0.448 0.445 0.444 0.446
16.35 64.168 64.369 64.445 64.327 0.460 0.461 0.461 0.461
20.00 68.352 68.117 68.126 68.198 0.475 0.474 0.474 0.474
24.30 71.815 71.777 71.795 71.796 0.487 0.486 0.487 0.487
29.06 75.369 75.351 75.411 75.377 0.498 0.498 0.499 0.498
33.97 78.030 77.918 77.943 77.964 0.507 0.507 0.507 0.507
39.37 80.516 80.527 80.581 80.541 0.515 0.515 0.515 0.515
44.01 82.267 82.138 82.171 82.192 0.521 0.520 0.520 0.521
49.05 83.680 83.658 83.704 83.681 0.525 0.525 0.525 0.525
53.94 84.954 84.830 84.865 84.883 0.529 0.529 0.529 0.529
59.61 86.016 85.947 85.987 85,983 0.533 0.532 0.532 0.532
64.67 86.740 86.622 86 666 86.676 0.535 0.534 0.535 0.535
69.77 87.363 87.260 87.293 87.305 0.537 0.536 0.536 0.536
74.83 87.756 87.642 87.684 87.694 0.538 0.538 0.538 0.538
80.07 88.190 88.074 88.124 88.129 0.539 0.539 0.539 0.539
85.01 88.173 88.055 88.083 88.104 0.539 0.539 0.539 0.539
90.00 88.491 88.471 88.623 88.528 0.540 0.540 0.541 0.540
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Table 4(b) J-integral and stress intensity factor for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=25 mm, c=65 mm, a/H=0.31, a /c -0  38, H=80mm
) (degree)
J-intcgral (N/m) Stress intensity factor (MPa.m *)
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 80.195 67.946 51.613 66.585 0.514 0.473 0.412 0.469
4.73 80.651 83.390 86.880 83.640 0,516 0.524 0.535 0.525
8.34 76.821 72.728 68.910 72.820 0.503 0.490 0.477 0.490
12.74 76.592 77.885 78.599 77.692 0.502 0.507 0.509 0.506
16.47 80.293 78.839 77.988 79.040 0.514 0.510 0.507 0.510
21.58 83.620 83.787 84.014 83.807 0.525 0.526 0.526 0.526
26.54 86.604 86.507 86.355 86.489 0 534 0.534 0.534 0.534
32.67 89.980 89.799 89.853 89.877 0.545 0.544 0.544 0.544
38.04 92 441 92.718 92.763 92.641 0.552 0.553 0.553 0.553
46.22 95.160 94.931 94.952 95.014 0.560 0.559 0.559 0.560
53.23 96.818 97.044 97.177 97.013 0.565 0.566 0.566 0.566
62.07 98.132 98.025 98.014 98.057 0.569 0.568 0.568 0.569
72.66 99.282 99.349 99.668 99.433 0.572 0.572 0.573 0.573
80.62 99.362 99.166 99.012 99.180 0.572 0.572 0.571 0.572
90.00 101.100 102.100 103.200 102.133 0.577 0.580 0.583 0.580
Table 4(c) J-integral and stress intensity factor for a two-edge-supported plate under 
distributed load (P=4.7 N/mm^), a=35 mm, c=80 mm, a/H=0,44, a/c=0.44, H=80mm
0
(degree)
J-intcgral (N/m) Stress intensity factor (MPa m^^)
Ring 1 Ring 2 Ring 3 1 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 142.300 161.600 185.500 163 133 0.685 0.730 0.782 0.733
4.47 114.900 113.400 112.100 113.467 0.615 0.611 0.608 0.612
8.64 109.000 109.400 110.200 109.533 0.599 0.601 0.603 0.601
12.18 104.600 105.300 105.700 105.200 0.587 0.589 0.590 0.589
15.71 105.100 104.400 104 000 104.500 0.589 0.587 0.586 0.587
19.52 104.600 104.600 104.800 104.667 0.587 0.587 0 588 0.587
23.84 103.800 103.800 103.400 103.667 0.585 0.585 0.584 0.585
29.43 103.600 103.400 103.700 103.567 0.584 0.584 0.585 0.584
36.40 101.900 102.300 102.200 102.133 0.580 0.581 0.580 0.580
42.96 102.300 102.100 102.000 102.133 0.581 0.580 0.580 0.580
50.65 101.200 101.600 101.800 101.533 0.578 0.579 0.579 0.579
58.78 101.500 101.500 101.600 101.533 0.578 0.578 0.579 0.579
68.35 101.200 101.000 100.900 101.033 0.578 0.577 0.577 0.577
78.68 101.100 101.400 101.600 101.367 0.577 0.578 0.579 0.578
90.00 101.400 101.000 100.800 101.067 0.578 0.577 0.576 0.577
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Table 4(d) J-integral and stress intensity factor for
distributed load (P=4.7 N/mm*), a=55 mm, c -120
a two-edge-supported plate under 
mm, a/H=0.69, a /c -0 .46, H=80mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa.m )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 238.000 262.800 288.300 263.033 0.886 0.931 0.975 0.931
4.20 227.300 222.900 221.300 223.833 0.866 0.857 0.854 0.859
7.41 196.800 200.600 202.300 199.900 0.805 0.813 0.817 0.812
10.68 182.300 182.400 182.400 182.367 0.775 0.775 0.775 0.775
14.13 169.800 169.400 169.600 169.600 0.748 0.747 0.748 0.748
16.99 160.300 160,700 160.800 160.600 0.727 0.728 0.728 0.728
20.00 153.200 152.400 152.400 152.667 0.71 1 0.709 0.709 0.709
22.78 145.500 145.600 145.700 145.600 0.693 0.693 0.693 0.693
25.69 139.700 139.200 139.200 139.367 0.679 0.677 0.677 0.678
28.79 132.800 132.800 132.900 132.833 0.662 0.662 0.662 0.662
31.99 127.000 126.800 126.800 126.867 0.647 0.647 0.647 0.647
35.79 119.800 119.700 119.800 119.767 0.628 0.628 0.628 0.628
39.62 113.100 113.000 113.100 113.067 0.611 0.610 0.61 1 0.611
43.40 106.900 106.700 106.800 106.800 0.594 0.593 0.593 0.593
47.15 100.400 100.500 100.600 100.500 0.575 0.576 0.576 0.576
51.17 94.360 94.153 94.209 94.241 0.558 0.557 0.557 0.557
55.04 87.623 87.888 87.869 87.793 0.537 0.538 0.538 0.538
58.62 82.918 82.684 82.768 82.790 0.523 0.522 0.522 0.522
62.04 76,664 77.184 76.981 76.943 0.503 0.504 0.504 0.504
65.42 72.954 72.704 72.932 72.863 0 490 0.490 0.490 0.490
68.57 66.620 67.616 67.144 67.127 0.469 0472 0.470 0.470
71.45 64.723 64.512 64.828 64.688 0.462 0.461 0.462 0.462
74,14 59.118 61.038 61.266 60.474 0.441 0.449 0.449 0.447
76.48 58.884 58.553 57.970 58.469 0.441 0.439 0.437 0 439
78.72 55.257 57.098 57.660 56.672 0.427 0.434 0.436 0.432
80.89 55 171 55 466 55.685 55.441 0.426 0.428 0.428 0.428
82.93 53.107 53.885 53.579 53.524 0.418 0.421 0.420 0.420
84.85 52.890 53.506 53.608 53.335 0.418 0.420 0.420 0.419
86.66 51.888 52.545 52.508 52.314 0.414 0.416 0.416 0.415
88.37 51.946 52,512 52.521 52.326 0.414 0.416 0.416 0.415
90.00 51.453 52.249 52.299 52.000 0.412 0.415 0.415 0.414
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Table 5(a) J-integral and stress intensity factor (K) for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=15 mm, c=40 mm, a/H =0.18, a/c=0.38, H=85mm
8
(degree)
J-intcgral (N/m) Stress intensity factor (MPa. M'^‘ )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 38.711 39.318 40.333 39.454 0.357 0.360 0.365 0.361
3.08 37.511 37.727 37.965 37.734 0.352 0.353 0.354 0.353
6.12 37.004 36.250 35.964 36.406 0.349 0.346 0.344 0.346
9.37 37.229 37.653 37.760 37.547 0.350 0.352 0.353 0.352
12.56 39.707 39.185 39.087 39.326 0.362 0.359 0.359 0.360
16.35 42.026 42.162 42.210 42.133 0.372 0.373 0.373 0.373
20.00 44.923 44.755 44.762 44.813 0.385 0.384 0.384 0.384
24.30 47 318 47.299 47.311 47.309 0.395 0.395 0.395 0.395
29.06 49.810 49.784 49.825 49.806 0.405 0.405 0.405 0.405
33.97 51.660 51.591 51.607 51.619 0.413 0.412 0.412 0.413
39.37 53.424 53.422 53.458 53.435 0.420 0.420 0.420 0.420
44.01 54.643 54.561 54.583 54.596 0.424 0.424 0.424 0.424
49.05 55.657 55.637 55.668 55.654 0.428 0.428 0.428 0.428
53.94 56.549 56.468 56.491 56.503 0.432 0.431 0.432 0.432
59.61 57.307 57.260 57.288 57.285 0.435 0.434 0.435 0.435
64.67 57.819 57.740 57.768 57.776 0.437 0,436 0.436 0.436
69.77 58.260 58.195 58.218 58.224 0.438 0.438 0438 0.438
74.83 58.543 58.466 58.493 58.501 0.439 0.439 0.439 0.439
80.07 58.843 58.772 58.807 58.807 0.440 0.440 0.440 0.440
85.01 58.844 58.763 58.780 58.796 0.440 0440 0.440 0.440
90.00 59.053 59.048 59.152 59.084 0.441 0.441 0.442 0.441
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Table 5(b) J-integral and stress intensity factor for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=25 mm, c=65 mm, a/H=0.29, a/c=0.38, H=85mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa. m'̂  ̂ )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 51.514 43.704 33.259 42.826 0.412 0.380 0.331 0.376
4.73 52.082 53.826 56.062 53.990 0.414 0.421 0.430 0.422
8.34 49.903 47.274 44.857 47.345 0.406 0.395 0.385 0.395
12.74 50.196 51,032 51.465 50.898 0.407 0.410 0.412 0.410
16.47 53.060 52.104 51.586 52.250 0.418 0.414 0.412 0.415
21.58 55.735 55.854 55.997 55.862 0.429 0.429 0.430 0.429
26.54 58.198 58 111 58.025 58.111 0.438 0.438 0.437 0.438
32.67 60.955 60.844 60.873 60.891 0.448 0.448 0.448 0.448
38.04 63.167 63.328 63.371 63.289 0.456 0.457 0.457 0.457
46.22 65.440 65.288 65.299 65.342 0.464 0.464 0.464 0.464
53.23 67.050 67.179 67.276 67.168 0.470 0.471 0.471 0.471
62.07 68.142 68.064 68.053 68.086 0.474 0.474 0.474 0.474
72.66 69.160 69.209 69.448 69.272 0.477 0.478 0.478 0.478
80.62 69.338 69.181 69.060 69.193 0.478 0.478 0.477 0.478
90.00 70.602 71.316 72.182 71.367 0.482 0.485 0.488 0.485
Table 5(c) J-integral and stress intensity factor for a two-edge-supported plate under 
distributed load (P=4.7 N/mm^), a=35 mm, c=80 mm, a/H=0.41, a/c=0 44, H=85mm
0
(degree)
J-integral (N/m) Stress intensity factor (MPa. m * )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 86.049 97.755 112.300 98.701 0.533 0.568 0.608 0.570
4.73 70.046 69.068 68.198 69.104 0.481 0.477 0.474 0.477
8.34 67.528 67.842 68.418 67.929 0.472 0.473 0.475 0.473
12 74 65.66! 66.053 66.241 65.985 0.465 0.467 0.467 0.466
1647 67.185 66.821 66.630 66.879 0.471 0.469 0.469 0.470
21.58 67.978 67.981 68.107 68.022 0.473 0.473 0.474 0.474
26.54 68.903 68.932 68.776 68.870 0.477 0.477 0.476 0.476
32.67 69.964 69.836 69.967 69.922 0.480 0.480 0.480 0.480
38.04 70.280 70.537 70.510 70.442 0.481 0482 0.482 0.482
46.22 71.180 71.026 70.996 71.067 0.484 0.484 0.484 0.484
53.23 71.355 71.546 71.689 71.530 0.485 0.486 0.486 0.486
62.07 71.918 71.916 71.921 71.918 0.487 0.487 0.487 0.487
72.66 72.233 72.038 72.009 72.093 0.488 0.487 0.487 0.488
80.62 72.223 72.384 72.507 72.371 0.488 0.488 0.489 0.488
90.00 72.608 72.261 72.181 72.350 0.489 0.488 0.488 0.488
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Table 5(d) J-integral and stress intensity factor for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=55 mm, c=120 mm, a/H=0.65, a/c=0.46, H=85mm
0
(degree)
J-intcgral (N/m) Stress intensit} factor (MPa. m"' )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 171.700 189.600 208.000 189.767 0.752 0.791 0.828 0.791
4.20 164.600 161.500 160.300 162.133 0.737 0.730 0.727 0.731
7.41 143.700 146.400 147.700 145.933 0.688 0.695 0.698 0.694
10.68 133.800 133.800 133.800 133.800 0.664 0.664 0.664 0.664
14.13 125.600 125.300 125.400 125.433 0.643 0.643 0.643 0.643
16.99 119.300 119.600 119.700 119.533 0.627 0 628 0.628 0.628
20.00 114.900 114.200 114.200 114.433 0.615 0.614 0.614 0.614
22.78 109.800 110.000 110.000 109.933 0.602 0.602 0.602 0.602
25.69 106.300 105.900 105.900 106.033 0.592 0.591 0.591 0.591
28.79 101.900 101.900 102.000 101.933 0.580 0.580 0.580 0.580
3 1.99 98.380 98.180 98.203 98.254 0.569 0.569 0.569 0.569
35.79 93.895 93.817 93.871 93.861 0.556 0.556 0.556 0.556
39.62 89.740 89.695 89.715 89.717 0.544 0.544 0.544 0.544
43.40 85.935 85.800 85.849 85.861 0.532 0.532 0.532 0.532
47.15 81.929 82.011 82.021 81.987 0.520 0.520 0.520 0.520
51.17 78.298 78.128 78.181 78.202 0.508 0.508 0.508 0.508
55.04 74.123 74.328 74.304 74.252 0.494 0.495 0.495 0.495
58.62 71.422 71.223 71.297 71.314 0.485 0.485 0.485 0.485
62.04 67.567 67.954 67.823 67.781 0.472 0.473 0.473 0.473
65.42 65.587 65.364 65.515 65.489 0.465 0.464 0.465 0.465
68.57 61.711 62.439 62.136 62.095 0.451 0.454 0.453 0.452
71.45 60.820 60.583 60.816 60.740 0.448 0.447 0.448 0.447
74.14 57.309 58.580 58.627 58.172 0.435 0.439 0.440 0.438
76.48 57.313 57.036 56.768 57.039 0.435 0.434 0.433 0.434
78.72 54.885 56.152 56.662 55.900 0.425 0.430 0.432 0.429
80.89 54.799 54.840 54.732 54.790 0.425 0.425 0.425 0.425
82.93 53.422 53.931 53.904 53.752 0.420 0.422 0.422 0.421
84.85 53.080 53.471 53.656 53.402 0.418 0.420 0.421 0.420
86.66 52.631 52.686 52.499 52.605 0.417 0.417 0.416 0.416
88.37 52.259 52.713 52.792 52.588 0.415 0.417 0.417 0.416
90.00 52.366 52.360 52.267 52.331 0.415 0.415 0.415 0.415
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Table 6(a) J-integral and stress intensity factor for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=l 5 mm, c=40 mm, a /H -0 .16, a/c=0.38, H=95mm
0
(degree)
J-intcgral (N/m) Stress intensity factor (MPa.m )
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 23.240 23.608 24.228 23.692 0.277 0.279 0.283 0.279
3.08 22.585 22.719 22.854 22.719 0.273 0.274 0.274 0.274
6.12 22.360 21.893 21.732 21.995 0.272 0.269 0.268 0.269
9.37 22.558 22.818 22.881 22.752 0.273 0.274 0.275 0.274
12.56 24.138 23.815 23.761 23.905 0.282 0.280 0.280 0.281
16.35 25.620 25.701 25.737 25.686 0.291 0.291 0.291 0.291
20.00 27.470 27.362 27.362 27.398 0.301 0.300 0.300 0.301
24.30 28.987 28.987 28.987 28.987 0 309 0.309 0.309 0.309
29.06 30.595 30.568 30.595 30 586 0 318 0.317 0.318 0.318
33.97 31.762 31.726 31.735 31.741 0.324 0.323 0.323 0.323
39.37 32.903 32.903 32.921 32.909 0.329 0.329 0.329 0.329
44.01 33.675 33.630 33.639 33.648 0.333 0.333 0.333 0.333
49.05 34.331 34.322 34.340 34.331 0.336 0.336 0.336 0.336
53 94 34.896 34.85! 34.860 34 869 0.339 0.339 0,339 0.339
59.61 35.381 35.354 35.372 35.369 0.342 0.341 0.341 0.341
64.67 35.713 35.660 35.678 35.684 0.343 0.343 0.343 0.343
69.77 35.992 35.956 35.965 35.971 0.344 0.344 0.344 0.344
74.83 36.171 36.127 36.145 36.147 0.345 0 345 0.345 0.345
80.07 36.360 36 324 36.342 36.342 0.346 0.346 0.346 0.346
85.01 36.369 36.315 36.324 36.336 0.346 0.346 0.346 0.346
90.00 36.495 36.495 36.558 36.516 0.347 0.347 0.347 1 0.347
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Table 6(b) J-integral and stress intensity factor for a two-edge-supported plate under
distributed load (P=4.7 N/mm^),a=25 mm, c=65 mm, a/H=0.26, a/c=0.38, H=95mm
0
(degree)
J-intcgral (N/m) Stress intensity factor (MPa m'^)
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring.2 _ Ring 3 Averg.
0.00 32.490 27.596 21.022 27.036 0.327 0.302 0.263 0.299
4.11 32.993 34.079 35.489 34.187 0.330 0.335 0.342 0.336
7.86 31.753 30.101 28.592 30.149 0.324 0.315 0.307 0.315
12.01 32.130 32.660 32.921 32.570 0.325 0.328 0.329 0.328
16.24 34.160 33.540 33.235 33.645 0.336 0.333 0.331 0.333
20.20 36.037 36.127 36 216 36 127 0 345 0.345 0.346 0.345
24.53 37.833 37.743 37.698 37.758 0.353 0.353 0.353 0.353
29.71 39.737 39.683 39.692 39.704 0.362 0.362 0.362 0.362
35.88 41.380 41.443 41.470 41.431 0.369 0.370 0.370 0.370
44.09 42.933 42.844 42.862 42.880 0.376 0.376 0.376 0.376
52.83 44 137 44.182 44.227 44.182 0.381 0.382 0.382 0.382
60.44 44.864 44.810 44.810 44.828 0.385 0.384 0.384 0.384
68.71 45.582 45.609 45.762 45 651 0.388 0.388 0.388 0.388
77.38 45.717 45.600 45.520 45.612 0.388 0.388 0.387 0.388
90.00 46.543 47.037 47.621 47.067 0.392 0.394 0.396 0.394
Table 6(c) J-integral and stress intensity factor for a two-edge-supported plate under 
distributed load (P=4.7 N/mm^),a=35 mm, c=80 mm, a/H=0 37, a/c=0,44, H=95mm
) (degree)
J-integral (N/m) Stress intensity factor (MPa m '-)
Ring 1 Ring 2 Ring 3 Averg. Ring 1 Ring 2 Ring 3 Averg.
0.00 52 338 59.476 68.301 60.038 0.415 0.443 0.475 0.445
4.58 42.875 42.251 41.681 42.269 0.376 0.373 0 371 0.373
8.18 41.802 42.018 42.431 42.084 0.371 0.372 0.374 0.372
12.71 41.017 41.250 41.340 41.202 0.368 0.369 0.369 0.369
16.63 42.485 42.269 42.188 42.314 0.374 0.373 0.373 0.373
22.10 43.414 43.414 43.477 43.435 0.378 0.378 0 379 0.378
27.42 44.585 44.594 44.536 44.572 0.383 0.383 0.383 0.383
35.08 45.640 45.560 45.618 45.606 0.388 0.388 0.388 0.388
43.00 46.408 46.511 46 516 46.478 0.391 0 392 0.392 0.391
50.27 47.131 47.054 47.050 47.078 0.394 0.394 0.394 0.394
58.10 47.589 47.620 47.678 47.629 0.396 0.396 0.396 0.396
66.52 48.020 48.011 48.024 48.018 0.398 0.398 0.398 0.398
74.86 48.379 48.235 48.217 48.277 0.399 0.399 0.399 0.399
82.21 48.401 48.464 48.531 48.466 0,399 0.400 0.400 0.400
90.00 48.670 48.464 48.442 48.525 0.401 0.400 0.400 0.400
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Table 6(d) J-integral and stress intensity factor for a two-edge-supported plate under
distributed load (P=4.7 N/mm^), a=55 mm, c=120 mm, a/H=0.58, a/c=0.46, H=95mm
Ô " "
(degree)
J-integral (N/m) Stress intensity factor (MPa.m ■)
Rina 1 Rina 2 Rina 3 Avera. Rina 1 Rina 2 Rina 3 1 Avera.
0.00 95.493 105.434 115.707 105.545 0.561 0.590 0.618 0.590
4.20 92.144 90.357 89.647 90.716 0.551 0.546 0.544 0.547
7.41 81.431 82.948 83.721 82.700 0.518 0.523 0.525 0.522
10.68 76.429 76.492 76.474 76.465 0.502 0.502 0.502 0.502
14.13 72.675 72.451 72.540 72.555 0.489 0.489 0.489 0.489
16.99 69.712 69.891 69.936 69.846 0.479 0.480 0.480 0.480
20.00 67.916 67.512 67.530 67.652 0.473 0.472 0.472 0.472
22.78 65.626 65.734 65.761 65.707 0.465 0.466 0.466 0.465
25.69 64.297 64.009 64.036 64.114 0.460 0.459 0.459 0.460
28 79 62.420 62.447 62.483 62.450 0.454 0.454 0.454 0.454
31.99 61.100 60.947 60.965 61.004 0.449 0.448 0.448 0.448
35.79 59.259 59.223 59.259 59.247 0.442 0.442 0.442 0.442
39.62 57.670 57.625 57.634 57.643 0.436 0.436 0.436 0.436
43.40 56.188 56.107 56 143 56.146 0.430 0.430 0.430 0.430
47.15 54.607 54.652 54.652 54.637 0.424 0.424 0.424 0 424
51.17 53.278 53.162 53.198 53.212 0.419 0.419 0.419 0.419
55.04 51.599 51.725 51.707 51.677 0.412 0.413 0.413 0.413
58.62 50.719 50.575 50.629 50.641 0.409 0.408 0.409 0.409
62.04 49.130 49.372 49.318 49.273 0.402 0.403 0.403 0.403
65.42 48.609 48.456 48.528 48.531 0.400 0.400 0.400 0.400
68.57 47.064 47.468 47.396 47.310 0.394 0.396 0.395 0.395
71.45 46.992 46.822 46.876 46.897 0.394 0.393 0.393 0.393
74.14 45.672 46.229 46.310 46.070 0.388 0.390 0.391 0.390
76.48 45.906 45.762 45.681 45.783 0.389 0.388 0.388 0.389
78.72 45.071 45.547 45.771 45.463 0.385 0.387 0.388 0.387
80.89 45.169 45.151 45.080 45.133 0.386 0.386 0.386 0.386
82.93 44.846 44 981 45.035 44.954 0.385 0.385 0.385 0.385
84.85 44.711 44.855 44.936 44.834 0.384 0.385 0.385 0.384
86.66 44.819 44.640 44.532 44.664 0.384 0.384 0.383 0.384
88.37 44.487 44.702 44.801 44.664 0.383 0.384 0.384 0.384
90.00 44.819 44.532 44.397 44.583 0.384 0.383 0.383 0.383
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APPENDIX D
THE M EASURED ASPHALT SLAB DEFORMATION AND CRACK DATA
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No. 17, lx>ad=5 kN,
■
Max. tensile s tre ss^ . 83 MPa
■ Crack width (mm)
! ----- Expon. fit Ime
y = 0 1332c""' 
r  ’ - 0  .9919
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Number of loading cycles (x 10 )
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No, 16, Load=5kN 




















Number of loading cycles (x 10 )
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No. 16, LyOad-5 kN.
M ax tensile stress=0.64 MPa
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j ■ Crack width (mm) i 
;  Expon. fit line1.8
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No. 14, Load=5 kN,
Max. tensile stress=0 54 MPa
6
■ Crack width (mm) 
—  Expon. fit line
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Number o f loading cycles (x 10 )
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No. 13, Load=5kN 
Max. tensile stress=0.57MPa
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No. 13, Load=5 kN, *
M ax tensile stress=0 57 MPa
j ■ Crack width (mm) i
Expon. fit line
y = 0 106e"""'''
r '  -  0.9606
0.5 1 1.5
Number of loading cycles (x 10*)
2.5
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Max. tensile stress=K). 80 MPa
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No. 25, Load-7 25 kN, ■
M ax tensile stress=0.80 MPa ■
i ■ Crack width (nun) | . . . . . . .
1 ----- Expon. fit line
^  y = 0.1426e"^"^"
R“ = 0.9536
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Number of loading cycles (x 10 )
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No. 27, Load=7.25 kN, BB7
Max. tensile stress=0.99 MPa
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■ Crack width (mm) !
Expon. fit line |
0 .1463e' '" " '
R -0 .9816
0 2 0.4 0.6 0.8 1.2
Number of loading cycles (x 10 )
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No. 11, bad=lO kN,
Max. tensile stress =1.57 MPa
6
5 ■ Crack width (mm) | 
—  Expon. fit line4
3
y = 0.4275e'*^'’'”‘ 
r " = 0.9939
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213




No.24, Load=10 kN 
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■ Crack width (mm) !
Expon. fit line
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No. 26, Load=10kN 
Max. tensile stressai .39 MPa
- U2 permanent 
•  #3 permanent 
♦— #2 elastic 
• — elastic
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No.26, Load=10 kN,
Max. tensile stressa i.39 MPa ■ /
■ Crack width (mm) |
Expon. fit Ime
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Number of loading cycles (x 10 )
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No. 28, Load=15kN 
Max. tensile stress=1.92 MPa
— U2 permanent 



















No. 28, Load=l5 kN 
Max. tensile stress=1.92 Mpa
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I ♦ crack width (mm) 
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218
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA
Yongqi Li was bom  on O ctober 2, 1964, in Hebei, China. He received his bachelor o f  
engineering degree from Hebei Institute o f  Technology in 1985. He received his master 
o f  engineering degree from the Research Institute for Highway, the Ministry o f  
Communication in 1988. Since 1995, he has studied for his doctoral degree in Civil 
Engineering at Louisiana State University He will receive the degree o f  Doctor o f  
Philosophy in August, 1999
219
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate: Yongqi LI
Major Field: Civil Engineering





-  ^  f
Date of Examination:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
